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SECTION  I 


INTRODUCTION 


A.  OBJECTIVE 

This  study  was  initiated  to  investigate  the  effect  of  an  iron  additive  on 
soot  production  during  pyrolysis  and  oxidation  of  an  aromatic  fuel.  A  shock 
tube  was  used  to  initiate  combustion  refactions,  and  soot  production  was  monitored 
by  light-scattering  techniques. 

The  pyrolysis  measurements  were  designed  to  show  clearly  if  an  iron  additive 
affects  soot  formation  chemistry,  and  the  oxidation  measurements  were  intended 
to  complement  flame  measurements  being  carried  out  elsewhere.  In  addition, 
pyrolysis  and  oxidation  measurements  at  elevated  pressures  were  included  to 
assist  in  the  extrapolation  of  data  from  flames,  obtained  at  1  atmosphere 
pressure,  to  the  current  and  anticipated  operating  pressures  of  gas  turbine 
combustors . 


B.  BACKGROUND 

The  emission  of  soct  from  gas  turbine  combustors  is  of  increasing  concern 
to  the  U.S.  Air  force.  From  a  tactical  viewpoint,  the  effectiveness  of  combat 
aircraft  is  substantially  reduced  by  the  large  radar  cross-section  of  a  sooty 
plume.  The  formation  of  soot  also  reduces  engine  lifetime  caused  by  the 
increased  radiative  heat  transfer  to  and  deposition  of  soot  on  the  combustor 
internals.  The  relaxation  of  fuel  standards  to  allow  higher  aromatic  content, 
and  the  development  of  a  new  generation  of  gas  turbine  combustors  designed  to 
operate  at  pressures  exceeding  10  atmospheres,  will  exacerbate  these  sooting 
probl ems . 

The  environmental  issues,  however,  are  of  immediate  concern;  the  inability 
to  control  soot  emissions  from  gas  turbines  is  currently  hindering  Air  Force 
operations.  Although  the  exhaust  from  gas  turbine  engines  generally  meets 
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st  andards 


environmental  standards  tor  particulate  emissions  from  moving  sources, 
for  stationary  sources  are  often  exceeded .  When  an  engine  is  removed  from  an 
aircraft  and  placed  m  a  test  cell,  it  becomes  a  stationary  source.  As  a  result, 
rout  iru  maintenance  procedures  have  been  curtailed  in  regions  where  stationary- 
source  part  icu lat e-emission  standards  are  exceeded. 

The  control  of  soot  formation  must  ultimately  lie  in  improved  combustor 
dec  igr. .  The  expense  ol  retrofitting  current  engines  to  utilize  improved  designs., 
however,  is  prohibitive.  Thus  the  use  of  smoke-suppressant  fuel  additives  is 
an  attractive  alternative.  In  particular,  ferrocene  (dicyclopentadienyl  iron) 
has  been  used  by  the  Air  Force  for  bot.h  tactical  and  test-cell  soot  emission 
control . 

The  mechanisms  by  which  fuel  additives  affect  soot  production  in  gas  turbine 
combust ors,  however,  are  poorly  understood.  As  a  result,  additive  effects  are 
unpredictable.  Although  it.  is  known  that  ferrocene,  for  example,  can  reduce 
the  plume  opacity  for  some  gas  turbine  combustors  under  certain  operating 
coni  it  ions,  it.  is  not  yet  clear  whether  the  reduction  owes  to  the  generation  of 
less  soot,  to  the  alteration  of  soot  particle  size,  or  to  the  enhanced  burnout 
of  the  soot  particles.  An  improved  understanding  of  these  mechanisms  would 
provide  guidance  for  the  effective  use  of  fuel  additives  and  for  new  combustor 
dec.  igr.. 

C.  APPROACH 


There  have  been  no  previous  measurements  of  the  effect  of  an  iron  additive 
or.  soot  formation  during  fuel  pyrolysis.  Unlike  measurements  in  premixed  or 
diffusion  flames,  shock-tube  measurements  can  be  carried  out  in  the  absence  of 
oxygen.  Thus  if  iron-additive  effects  on  soot  formation  are  observed  during  fuel 
pyrolysis-,  the  effects  can  be  clearly  identified  as  chemical.  This  would  imply 
that  the  iron  additive  affects  soot  production.  In  contrast,  if  no  effects  are 
observed,  the  role  of  iron  in  the  chemistry  of  soot  format. ion  can  be  discounted. 
This  would  imply  that  the  additive  n,  /  affect  soot,  particle  size  but  not  the 
total  soot  mass  produced .  This  principal  result  will  provide  a  significant  step 
in  unraveling  the  role  of  mefal  additives  on  soot  production. 
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Additional  measurements  will  be  carried  out  in  the  presence  of  oxygen.  The 
effects  of  fuel,  oxygen,  and  metal-additive  concentrations  over  a  range  of 
reaction  tempt,  natures  will  compliment  measurements  in  flames  being  carried  out 
elsewhere . 

Finally,  pyrolysis  and  oxidations  measurements  will  be  repeated  a*  an 
elevated  pressure.  Data  on  soot  production  in  flames  at  elevated  pressures  is, 
at  best,  limited.  Thus  the  high-pressure  measurements  carried  out  here  will  lead 
to  an  improved  understanding  of  the  effects  of  pressure  on  fuel  pyrolysis  and 
oxidation  (both  with  and  without  additives)  and  provide  a  data  base  to  help 
relate  flame  data  to  the  sooting  behavior  of  fuels  at  the  elevated  reaction 
pressures  of  full-scale,  gas  turbine  combustors. 

The  standard  fuel  to  be  used  in  this  study  is  benzene,  diluted  to  0.3  mole 
percent  in  argon.  This  mixture  has  been  studied  previously  in  our  laboratory 
over  a  wide  range  of  temperatures,  pressures,  and  oxygen  concentrations .  Thus 
an  established  data  base  is  available  to  confirm  measurement  reproducibility. 
Furthermore,  benzene  will  provide  the  basic  chemical  characteristics  of  aromatic 
fuels  without  introducing  possible  complications  of  a  complex  aromatic  fuel 
mixture . 


The  iron  additive  will  be  introduced  into  the  fuel  mixture  in  the  form  of 
iron  pentacarbonyl ,  FeCCO)^.  Although  it  would  be  preferable  to  use  ferrocene, 
its  low  vapor  pressure  precludes  its  use  in  an  unheated  shock  tube.  Since  it 
is  accepted  that  it  is  the  iron,  rather  than  the  cyclopentadienly  ligands  of 
ferrocene,  that  affects  sooting,  iron  pentacarbonyl  will  be  a  suitable  surrogate. 
It  will  provide  an  essentially  instantaneous  source  of  iron  over  the  0.5  -  3  ms 
observation  times  of  the  experiments. 

Foot  production  will  be  monitored  by  the  attenuation  of  a  He-Ne  laser  beam, 
passing  through  the  observation  section  of  the  shock  tube.  The  reduction  in  beam, 
intensity  will  be  converted,  through  conventional  scattering  calculations,  to 
soot  yield,  i.e.  the  fraction  of  initial  fuel  carbon  atoms  converted  to  soot . 
Soot  yield,  at  a  given  reaction  pressure,  will  be  presented  as  a  function  of 
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temperature,  with  observation  times  as  parameters.  In  addition,  two  other 
parameters  will  be  measured  from  the  beam  attenuation  data;  the  induction  delay 
time  ana  the  maximum  rate  of  soot  formation.  These  parameters  will  be  correlated 
in  terms  of  the  reaction  temperature.  Fuel  additive  effects  will  be  evidenced 
as  an  alteration  of  the  so-called  "soot-yield  bells,"  the  induction  time,  and 
the  rate  of  soot  formation,  all  in  comparison  to  the  benzene  base  case. 

D.  SCOPE 

A  review  of  the  current  concepts  of  soot  formation  is  presented  in  the 
following  section.  Included  is  a  discussion  of  the  effects  of  fuel  additives. 
This  review  focusses  on  the  pyrolysis  and  oxidation  of  benzene  and  closely 
related  aromatic  compounds. 

A  detailed  description  of  the  experimental  equipment  and  operating  procedures 
is  given  in  Section  III,  followed  by  the  presentation  and  discussion  of 
experimental  results  in  Section  IV.  Data  obtained  for  the  pyrolysis  of  benzene, 
including  the  effects  of  the  additive,  are  presented  first.  An  increase  in  soot 
yield  with  the  addition  of  trace  amounts  of  carbon  monoxide  is  a  striking,  and 
unexpected,  feature  of  these  data.  The  related  oxidation  measurements  follow. 

The  observed  effects  of  fuel  and  additive  concentrations,  and  reaction 
pressure  provide  the  basis  the  conclusions  of  this  study.  These  conclusion  are 
given  in  Section  V. 
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SECTION  II 


BACKGROUND 


A.  SOOT  FORMATION  MECHANISMS 

The  mechanisms  of  soot  formation  are  deeply  imbedded  in  the  complex  process 
of  combust  ion ,  a  process  that  involves  very  rapid  chemical  reactions  and  physical 
transport,  electrical  interactions,  and  high  temperatures.  The  process  proceeds 
through  several  sequential  steps  to  form  the  chainlike  structures  of  soot,  which 
can  then  be  oxidized  or  emitted.  The  prevailing  concept  of  the  process  is 
summarized  by  a  pathway  of  series  and  parallel  rate  processes  in  Figure  1. 

Fuel  pyrolysis  is  the  first  and  most  important  step  in  the  process  of  soot 
formation.  The  overall  rate  of  soot  formation,  as  well  as  the  total  soot  mass 
yield,  appears  to  be  determined  by  the  chemical  events  in  the  very  early  stages 
of  fuel  pyrolysis.  These  early  stages  include  initial  fragmentation  of  the  fuel 
molecules  to  acetylene,  vinyl  and  phenyl  radicals,  and  hydrogen  ions.  These  fuel 
fragments  then  proceed  along  various  routes  (depending  primarily  on  the  reaction 
temperature)  to  form,  the  first  aromatic  ring  products  (the  soot  precursors). 

Nucleation  (condensation  and  coagulation)  occurs  when  molecular  soot 
precursors  combine  to  form  young  soot  particles.  The  process  is  partially 
governed  by  chemical  reactions  and  by  physical  and  electrical  interactions 
between  the  precursors.  The  particles  increase  in  size  through  surface  growth 
and  aggregation.  During  the  growth  phase,  the  tiny  particles  can  grow  from  1-2 
run  up  to  10-50  nm  spherules.  These  spherules  then  agglomerate  to  form  soot 
chains,  which  can  be  as  long  as  1  p  (Reference  1). 

Although  this  scheme  is  simple  in  concept,  the  details  along  the  pathways 
are  extremely  complex.  Each  of  the  rate  processes  are  strongly  coupled  to  the 
local  temperature,  pressure,  and  species  concentration,  which,  in  turn,  are 
coupled  to  the  local  rates  of  mass  and  heat  transport,  e.g.,  aerodynamics  and 
radiation. 
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The  process  is  further  complicated  by  the  very  large  number  of  chemical  species 
that  take  part  in  the  reactions  and  the  even  larger  number  of  chemical  reactions 
involved . 

Several  excellent  reviews  provide  details  of  the  various  mechanisms 
(References  2-1).  Only  the  highlights  of  these  reviews  and  other  recent  work, 
that  closely  relate  to  soot  formation  from  aromatic  fuels,  are  discussed  below. 

1.  Soot  Formation  by  Pyrolysis 

a.  Soot  Precursors  and  Nucleation 

The  first  step  in  the  soot  formation  process  is  the  pyrolysis  of  the 
fuel,  leading  to  the  reactive  species  that  form  soot  precursors.  Many  studies 
have  been  made  to  track  the  development  of  these  precursors.  Kern  (Reference  8) 
studied  low-pressure  pyrolysis  of  both  benzene  and  toluene  at  temperatures 
ranging  from  1400-2300  K.  He  observed  that  the  major  products  formed  were 
acetylene  and  poiyacety ienes .  No  species  with  molecular  weights  higher  than  the 
parent  compound  were  observed,  leading  Kern  to  conclude  that  fragmentation  of 
the  aromatic  ring  was  the  most  important  initial  step  at  the  conditions  studied. 
Smith  (Reference  9)  performed  a  similar  study  with  toluene  in  a  high  temperature, 
low  pressure  Knudsen  ceil  and  observed  similar  products.  Mar'yasin  (References 
10  and  11),  in  an  earlier  shock  tube  study,  considered  benzene  pyrolysis.  It 
was  observed  that  methane,  ethylene,  vinylacetylene,  and  diacetylene  were 
produced.  Significantly,  all  of  the  above  authors  proposed  the  ring 
fragmentation  mechanism  to  explain  their  experimental  results. 

Bauer  (Reference  12)  suggested  a  chain  mechanism  for  benzene 
pyrolysis.  His  mechanism  (Figure  2)  proceeds  with  benzene  fragmenting  into 
acetylenic  groups,  followed  by  recombination  into  unsaturated  hydrocarbons. 
Asaba  and  Fujii  (Reference  13)  studied  the  pyrolysis  of  benzene  using  light 
absorption  and  a  single  pulse  shock  tube.  They  observed  that  the  pyrolysis 
process  was  accelerated  by  the  addition  of  methane  and  inhibited  by  adding 
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hydrogen.  They  proposed  the  mechanism  shown  in  Figure  3  to  explain  their 
experimental  results. 

In  another  study  of  benzene  pyrolysis,  Graham  (Reference  14)  noted 
a  rapid  decrease  in  the  soot  yield  as  temperatures  exceeded  1800  K.  The  author 
accounted  for  an  observed  maximum  in  the  soot  yield  at  1800  K  by  suggesting  a 
mechanism  involving  two  competing  pathways.  In  one  pathway,  the  aromatic 
character  of  the  ring  is  never  lost  as  it  undergoes  direct  condensation  to  larger 
compounds.  The  second  is  the  more  familiar  fragmentation  followed  by 
recombination.  m  a  separate  study.  Clary  (Reference  15)  and  Wang  (Reference 
16)  confirmed  this  double-pathway  hypothesis.  Clary  explained  the  process  by 
suggesting  that  at  high  temperatures  the  fragmentation  pathway  dominates,  whereas 
at  low  temperatures  the  condensation  reaction  is  more  prevalent.  Frenklach 
(Reference  17)  offered  a  conceptual  model  for  the  sooting  process.  He  also  saw 
the  pyrolysis  reaction  as  two  competing  pathways: 

A  ==>  X  [1] 

A  -*  X  ==>  S  [2] 

where  A  is  the  aromatic  ring,  X  is  an  intermediate,  and  S  is  some  final  product. 
Reaction  [1]  is  unimclecuiar;  thus  its  activation  energy  is  high,  causing  it  to 
be  the  slow  step.  Reaction  [2]  is  essentially  a  polymerization  reaction  and  is 
the  oasic  model  for  the  soot  formation  process.  This  empirical  model  was  shown 
to  fit  Clary's  data. 

Efforts  to  further  define  the  nucleation  process  have  led  to  the 
identification  of  possible  soot  precursors.  Frenklach  et  al.  (Reference  18) 
proposed  that  fused  polycyclic  aromatic  hydrocarbons  (PCAH)  are  the  key  to 
sooting  in  acetylene  flames.  Homann  (Reference  19)  found  about  100  times  the 
concentration  of  PCAH  in  aromatic  soot  as  in  aliphatic  soot.  This  helps  explain 
the  observation  that  aromatics  and  polycyclic  aromatics  soot  much  more  readily 
than  nonaromatic  compounds  (Reference  5).  Indeed,  Davies  (Reference  20)  reports 
that,  the  yield  of  soot  seems  closely  related  to  the  stability  of  the  aromatic 
rings  i r.  the  precursors. 
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Wang  (Reference  21)  attempted  to  find  the  point  at  which  the  particle 
inception  takes  place.  The  author  found  a  polycyclic  aromatic  hydrocarbon  (PCAH), 
to  be  an  important  soot  precursor.  Equilibrium  calculations  were  made 
which  show  to  be  thermodynamically  favored  over  acetylene  below  2500  K 

( Reference  22 )  . 

The  gap  between  the  initial  chain  activation  reaction  and  the 
particle  formation  remains  a  mystery.  Several  authors  (References  23-25)  have 
studied  the  eiectrirgl  properties  of  flames  and  concluded  that  ions  may  play  an 
important  role  in  soot  formation.  Ball  (Reference  26)  noted  that  almost  all  of 
the  carbonaceous  particles  were  positively  charged  .  Howard  (Reference  27) 
proposed  a  mechanism  for  the  formation  of  carbon  particles  which  used  positive 
ions  as  nuclei.  He  observed  positively  charged  crystallites  20-30  Angstrom  in 
size  and  spherules  as  large  as  100-500  Angstrom.  Bowser  and  Weinberg  (Reference 
23)  found  that  as  ions  are  formed,  they  force  condensation  reactions  which  in 
turn  form  PCAH. 

Agreement  has  not  been  universal  though.  Abrahamson  (Reference  28) 
observed  that  acetylene  appears  to  be  just  as  important  in  the  soot  formation 
process  as  ions.  He  also  found  that  nonflame  sources  of  pyrolysis  could  be 
electrically  neutral  and  still  produce  soot.  Ball  (Reference  26)  noted  that 
charging  continues  through  the  agglomeration  phase  and  may  actually  halt  the 
process  through  electrostatic  repulsions. 

Detailed  kinetic  modeling  (References  18,29-30)  is  now  yielding  significant 
insights  into  the  early  stages  of  the  soot  formation  process  and  is  providing 
a  skeletal  scheme  by  which  experimental  studies  can  be  designed  and  experimental 
results  can  be  interpreted.  The  modeling  results  emphasize  the  importance  of 
pyrolysis  fragments,  especially  H  atoms,  vinyl  radicals,  and  acetylene  in  the 
formation  of  soot  precursors.  The  utility  of  a  general  mechanism,  derived 
through  detailed  kinetic  modelling,  in  the  interpretation  of  experimental  results 
from  shock  tubes,  premixed  flames,  and  diffusion  flames  has  been  persuasively 
stated  in  the  recent  review  Glassman  (Reference  7). 


The  results  of  detailed  modeling  must,  at  the  present,  be  used  with  caution. 
Westmorland  (Reference  31),  points  out  that  it  is  important  to  verify  that  the 
reactions  included  in  the  kinetic  modelling  are  indeed  elementary.  By 
considering  how  reactions  occur  on  a  molecular  scale,  Westmorland  has  shown  that 
most  of  the  important  combustion  reactions  are  association  reactions  disguised 
as  abstraction  reactions  by  chemical  activation  mechanisms.  A  failure  to 
recognize  the  elementary  character  of  the  reactions  can  lead  to  large  errors  in 
the  estimated  rate  constants,  and  thus  a  distorted  picture  of  the  reaction 
pathways . 

b.  Surface  Growth  and  Coagulation 

The  process  following  particle  inception  has  often  been  observed  to 
be  a  mixture  of  chemical  reactions  and  physical  interactions.  The  chemical 
processes  are  referred  to  as  surface  growth  and  are  largely  comprised  of  the 
further  addition  of  ring  fragments  to  the  spherules.  Coagulation  is  the  physical 
process  by  which  young  soot  particles  stick  to  each  other,  forming  larger 
spherules  and  eventually  chains.  Together  these  processes  account  for  a  large 
part  of  the  initial  soot  formation  with  the  spherules  growing  to  diameters  up 
to  IOC  nm  (Reference  32).  It  has  been  shown  that  the  growth  by  chemical  reaction 
is  more  consistent  with  surface  reactions  than  further  condensation  reactions 
(Reference  33). 


Also  important  is  the  role  of  ions.  It  has  been  observed  that  most 
of  the  ionic  species  in  flames  are  heavy  hydrocarbons  and  young  soot  particles, 
compounds  ranging  from  300  to  several  thousand  atomic  mass  units.  Enough  of 
these  species  have  been  found  to  account  for  the  amount  of  soot  formed  (Reference 
34).  Thus,  clearly  the  ionic  nature  of  the  spherules  must  be  an  important  factor 
in  the  surface  growth  and  coagulation. 

c.  Agglomeration 

The  division  between  surface  growth,  coagulation,  and  agglomeration 
is  not  sharply  drawn.  In  its  earliest  stages,  agglomeration  can  be  obscured  by 
surface  growth  as  the  gaps  between  particles  are  filled  in.  Later,  particle 
collisions  predominate,  forming  twisted  chains  up  to  I  pm  in  length  (Reference 
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1).  Also,  some  chains  become  heavily  positively  charged,  leading  to 
fragmentation  by  electrostatic  repulsion  (Reference  26). 

2.  Soot  Formation  by  Oxidation 

Complete  combustion  of  a  hydrocarbon  is  generally  defined  as  the  burning 
to  carbon  dioxide  and  water.  Clearly,  when  this  is  the  case,  no  soot  is  formed. 
It  is  only  when  the  level  of  oxygen  in  a  flame  drops  to  a  certain  point  that  soot 
can  be  produced;  this  point  is  known  as  the  critical  carbon-to-oxygen  (C/0) 
ratio.  For  benzene  the  critical  C/0  ratio  has  been  shown  to  be  0.65  (Reference 
4).  As  the  C/0  ratio  is  increased,  the  soot  yield  also  increases,  but  the  gain 
in  soot  is  not  always  well  correlated  with  the  C/0  ratio.  Wang  (Reference  16) 
studied  the  combustion  of  toluene  in  a  shock  tube.  By  increasing  the  mole 
fraction  of  oxygen  approximately  four-fold,  he  observed  a  corresponding  four-fold 
decrease  in  the  soot  yield. 

Most  of  the  oxidation  studies  of  aromatic  hydrocarbons  have  been  done 
at  temperatures  below  100C  K.  Great  caution  should  be  exercised  in  extrapolating 
the  results  to  higher  temperatures  (Reference  35).  Fag  and  Asaba  (Reference  36) 
studied  the  combustion  of  benzene  at  temperatures  ranging  from  1300  K  to  1700 
K.  They  observed  little  water  formed  in  experiments  on  rich  mixtures.  Carbon 
monoxide  and  acetylene  were  observed  and  thought  to  be  produced  through  a 
reaction  of  the  phenyl  radical  with  oxygen.  Significantly,  biphenyl  and  higher 
polymers  were  formed  in  ways  similar  to  pyrolysis.  Venkat  (Reference  37)  also 
studied  the  high  temperature  oxidation  of  aromatic  hydrocarbons.  Again,  great 
similarities  were  noted  as  to  the  pyrolysis  process,  and  the  overall  rate  seemed 
dominated  by  the  rate  of  oxidation  of  the  phenyl  radical. 

Other  authors  have  tried  to  explain  the  combustion  process  in  slightly 
different  terms.  Glassman  and  Yaccarino  (Reference  38)  suggested  that  combustion 
is  really  a  competition  between  the  rate  of  pyrolysis  to  soot  precursors  (growth 
along  pyrolysis  routes)  and  the  rate  of  oxidative  attack  on  them.  Frenklach 
(Reference  39)  went  further,  observing  that  the  addition  of  oxygen  to  toluene 
seemed  tc  enhance  soot  production  at  lower  temperatures  and  inhibited  sooting 
at  higher  temperatures.  He  explained  that  oxygen  does  not  alter  the  mechanism 
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of  pyrolysis;  instead  it  competes  with  it.  At  low  temperatures  the  oxygen 
enhances  fuel  pyrolysis,  while  at  high  temperatures  it  destroys  the  soot 
precursors  through  oxidation  (Reference  40). 

B.  FUEL  ADDITIVE  EFFECTS 

In  recent  years,  researchers  have  sought  many  ways  to  reduce  the  amount  of 
soot  formed  during  combustion.  The  most  practical  methods  to  date  involve 
additives  to  the  fuel.  In  theory,  there  are  two  ways  to  reduce  sooting.  First, 
one  can  reduce  nucleation,  thereby  stopping  the  soot  formation  process  before 
the  soot  particles  are  actually  formed.  Second,  one  can  accelerate  the  oxidation 
of  soot  particles  once  they  are  formed,  a  process  known  as  burnout  (Reference 
41).  The  real  question,  of  course,  is  how  does  an  additive  affect  the  soot 
formation  process. 


Since  relatively  little  is  known  about  the  mechanisms  involved  in  additive 
effectiveness,  only  rough  theories  are  available.  The  most  popular  is  that 
additives  affect  the  ionization  of  the  young  soot  particles.  Antisoot  effects 
may  be  due  to  a  permanent  reduction  in  the  number  of  ions  available. 
Unfortunately,  some  additives  promote  soot  formation  by  delaying  ionization 
instead  of  preventing  it  (Reference  42).  This  reduces  the  time  available  for 
oxidation  of  the  soot  particles.  Also,  certain  additives  are  known  to  both 
promote  and  reduce  sooting  depending  on  flame  conditions. 

1.  Gaseous  Additives 

Studies  have  been  made  on  the  effects  of  gaseous  additives.  Gases  such 
as  NH3,  H2,  N2,  H2S,  S07,  NO,  and  N02  have  been  added  to  flames  (Reference  43). 
It  was  found  that  inert  gases  have  little  effect  and  that  the  soot  reduction 
properties  of  the  others  are  roughly  proportional  to  their  molar  specific  heat 
capacities.  The  most  effective  were  the  sulphur-containing  species. 

Other  workers  have  studied  the  effects  of  adding  CO  to  flames.  CO  was 
found  to  reduce  the  amount  of  oxygen  necessary  to  eliminate  soot  formation. 
Also,  CO  has  been  observed  to  cause  a  yellow  streak  in  flames,  characteristic 
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of  soot  formation  (Reference  44).  It  has  long  been  known  that  small 
concentrations  of  CO  in  the  hydrocarbon  mixtures  of  hydrogenators  can  cause  a 
comparatively  large  build-up  of  carbon  on  the  reactor  walls  (Reference  45). 

Schug  (Reference  46)  added  small  amounts  of  N20,  an  oxidizer,  to  ethane 
and  butane  diffusion  flames.  The  soot  height  (that  distance  above  the  burner 
at  which  soot  is  first  observed)  was  decreased  dramatically,  indicating  increased 
soot  production. 


Du  et  al .  (Reference  47)  have  studied  the  effects  of  He,  A r,  N2,  C02,  02, 
H2,  and  CO  on  the  sooting  limits  of  strained  diffusion  flames.  Propane  and 
butane  were  used  as  fuels.  In  contrast  to  experimental  method  used  by  Schug, 
which  was  global  in  the  sense  that  the  additive  effect  on  the  overall  process 
(inception,  growth,  and  burnout)  was  measured,  the  measurement  of  the  sooting 
limit  in  strained  diffusion  flames  focusses  on  the  additive  effect  on  the 
inception  process.  Du  et  al.  found  that  all  additives,  except  CO,  decreased  the 
inception  limit  as  the  amount  of  additive  was  increased.  In  contrast,  the 
inception  limit  increased  linearly  with  the  addition  of  CO  up  to  a  concentration 
of  C  .  4  mole  percent.  Further  addition  of  CO  decreased  the  inception  limit.  They 
accounted  for  the  observed  effect  of  CO  partially  by  an  increase  in  flame 
temperature  and  partially  by  an  (unspecified)  chemical  effect. 

2.  Alkali  and  Alkaline  Earth  Metal  Additives 

A  far  more  common  choice  has  been  to  add  metallic  compounds  to  flames. 
These  tend  to  increase  the  ionization  level  and  concentration  of  free  electrons 
in  the  flame.  The  main  mechanism  appears  to  involve  an  electron-ion 
recombination,  halting  the  growth  process.  This  seems  especially  true  for  the 
alkali  and  alkaline  earth  metals  (Reference  48).  Several  studies  have  been  made 
using  these  metals.  Haynes  (Reference  49)  studied  alkali  and  alkaline  earth 
metals  added  to  a  premixed  flat  flame.  Na,  K,  and  Cs  were  found  to  be  only  weak 
soot  suppressors.  They  do,  however,  produce  a  greater  number  of  smaller 
particles.  Haynes  suggested  that  both  electrical  and  chemical  mechanisms  might 
be  important . 
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Ndubizu  (Reference  50)  tried  similar  experiments  on  a  polyethylene  flame. 
Bariumi  was  found  to  be  the  most  effective  metal  for  suppressing  soot  formation. 
It  reduced  the  total  amount  of  smoke  (soot)  produced  without  affecting  the  size 
of  the  particles.  It  has  been  suggested  that  barium  limits  the  nucleation  step 
by  producing  hydroxyl  radicals  which  oxidize  soot  precursors  and  young  soot 
particles  . 


3.  Iron  Additives 

Metals  other  than  the  alkali  and  alkaline  earth  metals  have  also  been 
studied,  particularly  the  transition  metals.  These  metals  have  only  proved 
effective  at  high  equivalency  ratios,  indicating  that  a  different  mechanism  is 
involved  (41).  Various  iron  compounds  were  added  to  a  polyvinyl  chloride  flame. 
Using  Mossbauer  spectroscopy  the  iron  was  found  to  be  converted  to  Fe20j. 
Interestingly,  there  was  an  initial  increase  in  the  quantity  of  soot  followed 
by  a  rapid  decrease.  The  concentrations  of  carbon  monoxide  and  carbon  dioxide 
were  found  to  grow  simultaneously  with  the  decrease  in  soot  (Reference  51). 
Other  authors  have  suggested  that  the  function  of  a  transition  metal  would  be 
intervention  in  the  agglomeration  phase  (Reference  52).  Also,  the  metal  could 
be  occluded  by  the  soot  particles,  thus  speeding  the  burnout  (Reference  53). 
Both  processes  are  consistent  with  the  data  described  above. 

Dicyclopentadienyl  iron,  also  known  as  ferrocene,  has  been  extensively 
studied  as  a  soot  reduction  additive.  Loveland  (Reference  54)  added  ferrocene 
to  fuel  in  jet  turbine  engines.  It  was  shown  to  reduce  the  opacity  of  the 
exhaust  plume.  Klarman  (Reference  55)  has  reported  that  soot  suppression  by 
ferrocene  in  J52,  J57,  and  TF-30  gas  turbines  is  most  effective  when  ferrocene 
is  added  at  0.05  -  0.06  weight  percent  of  fuel.  With  J79  and  TF-41  combustors, 
however,  ferrocene  increased  emissions  when  they  were  operated  at  greater  than 
85  percent  normal  rated  conditions. 

Bor.czyk  (Reference  56)  used  ferrocene  in  diffusion  flames  and  reported 
that  it  was  an  effective  additive  in  a  liquid-fueled  wick  flame.  Strangely,  it 
war  not  effective  in  a  gas-fueled  Wolf hard-Parker  burner.  Importantly,  he  found 
solid  metal  oxides  in  the  plumes,  indicating  that  although  the  soot  content  might 
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be  reduced  or  even  eliminated,  the  iron  would  still  be  present.  Samuel sen 
(Reference  57)  tested  ferrocene  in  a  swirl  combustor  with  JP-8  jet  fuel, 
reporting  some  reduction  in  the  soot  produced. 

A  thorough  study  of  ferrocene  in  an  premixed  ethylene  flame  at 
atmospheric  pressure  was  conducted  by  Ritrievi  et  al .  (Reference  58).  Ferrocene 
was  addec  at  0.015  -  0.46  weight  percent  fuel,  and  the  C/0  ration  of  the  flame 
was  varied  between  0.71  and  0.83.  Light  scattering,  emission,  and  absorption 
were  used  to  characterize  the  size,  volume  fraction,  and  number  density  of  the 
soot  particles.  Transmission  electron  microscopy  was  used  to  size  the  particles 
collected  during  agglomeration.  Unfortunately,  the  probe  through  which  the 
particles  were  extracted  interfered  with  the  formation  process.  Hence  the  author 
concluded  that  only  optical  methods  were  suitable  for  size  measurements. 

Ferrocene  was  found  to  increase  the  final  soot  yield  in  lean  flames 
(C.  0=0.71)  by  a  factor  of  13.5.  This  enhancement  factor  decreased  with  an 
increasing  C/C  ratio,  reaching  a  minimum  value  of  1.2  for  the  richest  flame 
(0  0=0.83). 


Iron  was  found  concentrated  at  the  core  of  the  soot  particles. 
Surrounding  the  core  were  layers  of  carbon-rich  coatings.  Ritrievi  hypothesized 
that  the  iron  nucleated  well  before  the  soot  itself.  Hence,  the  ferrocene 
underwork  oxidation  before  the  fuel  and  the  iron  oxide  then  acted  as  a  surface 
for  earn or.  deposition,  shortening  the  inception  phase. 

The  particle  growth  in  the  ferrocene-doped  flames  was  controlled  by  the 
activity  of  the  surfaces.  The  iron  in  the  core  was  found  to  be  iron  metal,  not 
iron  oxide.  The  reduction  of  the  iron  took  place  by  oxidizing  the  surrounding 
carbon.  This  liberated  CO  and  C 02,  contributing  to  the  burnout  of  the  soot. 
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SECTION  III 


EXPERIMENTAL  METHODS 


All  experimental  work  was  conducted  in  the  Department  of  Chemical  Engineering 
Shock  Tube  Laboratory  at  Louisiana  State  University.  The  laboratory  facilities, 
consisting  of  a  conventional  shock  tube,  an  optical  probe,  and  associated 
electronic  and  gas  handling  equipment,  have  been  used  extensively  in  the  past 
to  study  incipient  soot  formation  (References  15-16,59,60-61). 

A  shock  tube  is  ideally  suited  for  research  in  combustion.  Two  regions  of 
the  tube,  a  high-pressure  "driver"  section  and  a  low-pressure  "driven"  section, 
are  initially  separated  by  two  Mylar  diaphragms  secured  at  the  ends  of  an 
intermediate  spacer  section.  When  the  diaphragms  burst,  a  shock  wave  is  produced 
by  expansion  of  the  high-pressure  driver  gas  into  the  low-pressure  driven  gas. 
The  shock  wave  rapidly  heats  the  test  gas  mixture  by  adiabatic  compression  to 
a  high  temperature  and  a  predetermined  pressure. 

The  shock  tube  provides  several  advantages  not  present  in  other  laboratory 
combustion  systems.  First,  the  test  gas  mixture  is  heated  homogeneously  and 
nearly  instantaneously  (about  1  ns)  to  the  desired  temperature  and  pressure; 
consequently ,  no  preheating  delay  is  encountered.  Second,  because  the  duration 
of  each  experiment  is  so  short,  heat  transfer  to  the  walls  is  negligible.  For 
the  same  reason,  catalytic  effects  at  the  walls  are  also  negligible.  Finally, 
it  is  possible  to  shock-heat  any  gaseous  compound;  thus  pyrolysis  and  oxidation 
experiments  are  easily  studied. 

The  details  of  the  shock  tube  and  the  ancillary  equipment  are  given  below. 
This  is  followed  by  a  brief  description  of  the  procedures  used  in  preparing  and 
operating  the  shock  tube  and  in  collecting  and  reducing  the  experimental  data. 


A.  SHOCK  TUBE  FACILITY 


1 .  Shock  Tube 

The  7.6-cm  i.d.  stainless  steel  shock  tube,  shown  in  Figure  4,  consists 
of  a  3-m  driver  section  and  a  7.3-m  driven  section,  separated  by  a  0.063-m 
spacer.  The  double  diaphragm  bursting  technique,  using  Mylar  diaphragms  of  1.0- 
and  1.5-mil  thicknesses,  was  employed  in  all  the  experiments  of  this  study.  In 
this  method,  an  intermediate  pressure  is  maintained  m  the  spacer  section  between 
the  two  diaphragms  until  the  initial  driver  and  driven  pressures  are  established. 
Rapid  evacuation  of  the  spacer  section  results  in  the  rupture  of  the  diaphragm 
on  the  driver  side,  followed  immediately  by  rupture  of  the  driven-side  diaphragm. 
A  normal  shock  wave  then  propagates  into  the  driven  (experimental)  section.  When 
the  shock  wave  reaches  the  end  of  the  driven  section,  it  reflects  off  the  end 
wall  and  propagates  back  toward  the  driver  section.  The  test  gas  mixture  then 
undergoes  a  second  adiabatic  compression  with  a  concomitant  increase  in 
temperature  and  pressure.  All  measurements  in  this  study  were  made  behind  the 
reflected  shock  wave. 

As  the  compression  wave  is  propagating  into  the  driven  section,  a 
corresponding  rarefaction  wave  propagates  into  the  driver  section,  reflects  off 
the  enc  wall,  and  returns  toward  the  driven  section  to  interact  with  the 
reflected  compression  wave.  Eventually,  the  effects  of  the  rarefaction  wave  are 
evidenced  at  the  end  of  the  driven  section  by  a  rapid  decrease  in  pressure.  This 
event  signals  the  end  of  the  experiment.  The  time  interval  between  the  passage 
of  the  reflected  compression  wave  0.2  meters  from  the  end  of  the  driven  section 
and  the  drop  in  pressure  owing  to  the  effects  of  the  rarefaction  wave  at  this 
same  location  determines  the  duration  of  an  experiment.  In  this  work  a  typical 
duration  was  about  3-4  ms. 

2.  Vacuum,  System 

Before  each  experiment,  the  driven  section  of  the  shock  tube  and  the 
gas  handling  manifold  are  evacuated  by  an  Edwards  ED-500  mechanical  vacuum,  pump. 
After  a  sufficient  vacuum  (=  0.01  torr)  is  achieved,  the  system  is  further 
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Conventional  Shock 


evacuated,  using  an  Edwards  Speedivac  E-04  oil  diffusion  pump,  to  a  pressure  of 
1.0  x  10  5  torr.  The  oil  diffusion  pump,  fitted  with  a  liquid  nitrogen  trap  and 
continuously  water  cooled,  is  backed  by  an  Edwards  ES-150  mechanical  pump. 

3.  Pressure  Transducers 

Intermediate  pressures  during  the  evacuation  of  the  shock  tube  and  gas- 
handling  manifold  are  monitored  with  a  Televac  model  2A  thermocouple  gauge, 
which  measures  in  the  range  of  0.001  to  1.0  torr.  Higher  vacua  are  monitored 
with  a  Thermionics  PG7  cold  cathode  gauge,  which  measures  between  1.0  x  10~3  and 
1.0  x  10’6  torr.  The  sensor  of  the  thermocouple  gauge  is  located  in  the  gas 
handling  manifold;  the  cold  cathode  gauge  sensor  is  attached  to  the  foreline  of 
the  diffusion  pump. 

The  pressure  in  the  driven  section  during  loading  of  the  test  gas  mixture 
is  measured  by  a  Datametrics  model  1174  capacitance  manometer,  with  a  pressure 
range  of  0-10C  psia.  The  sensor  (Datmetrics  model  570A)  for  the  capacitance 
manometer  is  located  in  the  gas  handling  manifold.  The  pressure  of  the  driver 
gas  is  monitored  with  Heise  models  C  and  CM  bourdon  tube  gauges. 

The  condition  of  the  shock-heated  gas  is  determined  by  calculations  that 
require  experimentally  measured  incident  shock  wave  velocities  as  input. 
Incident  shock  speeds  are  measured  using  four  Atlantic  Research  LD-25  pressure 
transducers  located  sequentially  along  the  shock  tube.  To  minimize  shock 
nonuniformities,  all  pressure  transducers  are  mounted  flush  with  the  tube.  The 
transducers  trigger  start  and  stop  channels  of  an  interval  timer,  obtained  from 
the  Department  of  Chemistry,  University  of  Texas,  Austin.  The  transducer 
voltages  are  preprocessed  by  an  amplifier  and  a  comparitor  latch  circuit,  also 
obtained  from  the  University  of  Texas.  The  first  transducer  crossed  by  the 
incident  shock  wave  defines  zero  time  and  distance;  as  the  shock  wave  passes 
subsequent  transducer  stations,  interval  times,  measured  from  the  first 
transducer,  are  stored  in  the  memory  of  the  timer.  The  timer,  driven  by  a  10- 
MHz  crystal  oscillator,  has  a  storage  delay  of  less  than  300  ns,  which  results 
in  a  net  accuracy  of  within  1  ps  for  all  time  intervals  (which  ranged  from 
700-250C  us).  Because  the  incident  shock  wave  decelerates  owing  to  boundary 
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layer  growth  and  frictional  drag  between  the  shock  wave  and  the  tube  wall,  the 
measured  velocity  is  extrapolated  to  the  end  wall  of  the  tube  using  a  linear 
equation  (Reference  43).  The  observed  shock  wave  attenuation  is  typically  2 
percent/meter . 

To  monitor  the  progress  of  the  reaction,  the  transient  pressures  are 
measured  using  a  PCB  model  113A24  piezoelectric  pressure  transducer  with  an 
in-line  amplifier.  The  transducer,  which  has  a  rise  time  of  less  than  1.0  ps, 
is  located  on  the  tube  surface  above  the  optical  station,  8  mm  from  the  end 
wall.  A  PCB  model  482A  power  supply  is  used  to  power  the  transducer  and  to 
couple  it  to  a  digital  oscilloscope . 

4.  Gas-Handling  System 

The  gas-handling  system  consists  of  a  gas  manifold  and  a  gas  vent.  The 
manifold,  constructed  from  lengths  of  stainless  steel  tubing  sections  and  needle 
valves,  provides  gas  transfer  pathways  between  the  shock  tube,  mixture  tanks, 
driver  gas,  dilution  gas,  vacuum,  pumps,  and  the  venting  system.  For  proper 
operation,  the  gas  manifold  must  hold  a  vacuum  of  10"^  torr. 

Tht  original  connections  for  the  tubing  and  needle  valves  were  Swagelock 
fittings.  Persistent  leaks  in  these  fittings  delayed  the  collection  of 
experimental  data  during  the  early  stages  of  the  project.  The  manifold  was 
completely  rebuilt  with  new  tubing  and  new  fittings.  Although  the  manifold  could 
hold  the  required  vacuum  while  on  the  bench,  when  it  was  installed  in  the  control 
panel,  leaks  would  again  occur.  The  problem  was  finally  solved  by  using  welded 
connections  wherever  possible  and  replacing  the  Swagelock  fittings  with  Cajon 
VCC  fittings  at  critical  connections  (including  valves). 

A  new  gas-evacuation  system  was  designed,  constructed,  and  installed  to 
assure  safe  operation  with  the  highly-toxic  iron  pentacarbonyl  additive. 
Originally,  exhaust  gases  from  the  shock  tube  facility  were  vented  to  the 
building's  hood  ventilation  system;.  Previous  measurements  on  the  ventilation 
system  has  shown  that  gases  released  into  hoods  recirculated  back  into  the 
buildings  air  intake.  Thus  an  independent  exhaust  system  was  required. 
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The  exhaust  system  was  constructed  from  PVC  pipe  with  a  2-meter 
intermediate  section  constructed  of  stainless  steel.  An  exhaust  fan  at  the 
downstream  end  of  the  pipe  vents  the  gas  through  the  wall  of  the  laboratory  to 
the  outside  of  the  building.  The  stainless  steel  section  contains  a  reactor 
packed  w:th  alumina.  The  reactor  is  wrapped  with  heating  tape  and  a  thermocouple 
inserted  into  the  middle  of  the  packed  alumina  allows  the  bed  temperature  to  be 
monitored.  The  bed  is  maintained  at  675  K  during  operation  to  ensure  that  all 
iron  pentacarbonyl  is  disassociated  before  the  gas  is  vented.  Tests  with  sulfur 
hexafiouride  showed  that  gases  vented  through  the  exhaust  system  were  not 
recirculated  to  the  building. 

5.  Optical  Probe 

The  absorption  of  the  beam,  from  a  15  mW  continuous  wave  Spectra-Physics 
model  124B  He-Ne  laser  at  a  wavelength  of  632.8  nm  is  used  to  detect  the  presence 
of  soct  particles.  The  laser  is  powered  by  a  Spectra-Physics  model  255  power 
supply,  and  its  beam  crosses  the  shock  tube  at  an  optical  station  8  mm  from  the 
end  wail.  The  attenuated  laser  light  beam,  is  monitored  by  an  RCA  model  1P28 
photomultiplier  tube  supplied  with  a  bias  voltage  of  -500  Volts  by  a  Power  Design 
Pacific  model  HV-1547  power  supply.  To  reduce  detection  of  the  continuous 
emission  from  the  glowing  shock  heated  gas,  the  laser  is  operated  at  maximum, 
power,  and  a  narrow-band  interference  filter  (at  632.8  nm,)  together  with  various 
optical  stops  are  placed  between  the  shock  tube  and  the  photomultiplier  tube. 
The  output  signal  from  the  PM  tube  is  displayed  on  the  same  digital  oscilloscope 
used  to  record  the  pressure  trace. 

a.  Soot  Yield  Measurements  by  Light  Extinction 

With  the  short  reaction  times  used  in  these  experiments,  the  soot 
particle.:  can  be  considered  young  and,  according  to  Graham  et  al.  (Reference  14), 
are  spherical,  with  diameters  small  (<  300  A)  compared  to  the  wavelength  of  the 
inciden*  laser  radiation.  In  this  regime,  the  small  particle  limit  (Rayleigh 
limit)  of  the  Mie  theory  applies.  Below  this  limit,  the  ratio  of  scattering 
efficiency  to  extinction  efficiency  is  so  small  that  the  soot  particles  are 
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considered  to  be  emitters  and  absorbers  only  (Reference  62).  Furthermore,  it 
has  been  shown  that  the  emission  signal  of  soot  is  so  small  in  comparison  to  the 
absorption  signal  that  it  can  be  neglected  (Reference  63).  Given  these 
restrictions,  the  soot  yield,  Y,  defined  as  the  fraction  of  carbon  atoms 
initially  present  which  have  been  converted  to  soot  is  given  as: 

Y  -  N,  ps  X  [ln(I0/I(t)]  /  72  n  L  E(m)  [CJ  (1) 

where 

Y  is  the  fractional  soot  yield, 

Nn  is  Avogadro's  number, 

ps  is  the  density  of  the  hot  soot  particle, 

X  is  the  wavelength  of  the  incident  light, 

I0  is  the  initial  beam  intensity, 

I  ( t )  is  the  beam,  intensity  ant  time  t, 

Ir|/I(t)  is  the  absorbance, 

L  is  the  optical  path  length, 

( C,  }  is  the  initial  carbon  concentration, 
m  is  the  complex  refractive  index  of  a  soot  particle, 

and 

E(r.)  - 1  m  { ( m2  -  l);(m.2  -  2)}. 

Since  re  little  is  known  about  the  complex  index  of  refraction,  the 

soot  yields  presented  in  this  work  are  in  the  form  Y  *  E(m),  to  emphasize  the 

uncertainty  in  the  value  of  m. 

b.  Linearity  and  Frequency  Response  cf  the  Optical  Probe 

Ar.  RCA  Model  IP28  photomultiplier  tube  (PMT)  is  used  to  monitor  the 
attenuation  of  a  He-Ne  laser  by  coot  particles  formed  in  the  test  section,  i.e. 
to  measure  1(  and  I  ( t )  used  in  Equation  (1).  For  accurate  measurements  of  I(t), 

it  is  imporaf ive  thaf  the  time  constant  of  the  PMT  be  small  in  comparison  to  the 

2-3  ms  re  at* ion  time  involved  in  the  experiments.  Initial  observations,  however, 
indicated  ‘hat.  the  PMT,  as  configured  by  previous  users  of  the  shock-tube 
facility,  had  a  relatively  large  time  constant.  This  observation  necessitated 
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investigation  of  the  PMT  response.  In  addition,  the  linearity  of  the  PMT  output 
with  respect  to  incident  intensity  was  verified. 

A  Stroboscope  Model  TS-805  strobe  light  was  used  to  test  the 
frequency  response  of  the  PMT.  The  time  characteristics  of  the  strobe  output 
was  first  measured  with  the  help  of  Dr.  Louis  DiMuro,  Department  of  Physics. 
These  measurements  showed  that,  for  a  digital  scope  sweep  rate  of  2  ps/point  (the 
sweep  rate  used  in  our  experiments),  the  strobe  output  should  appear  as  a  sharp 
pulse  followed  by  a  barely  perceptible  decay  back  to  the  original  zero  voltage. 
When  the  strobe  light  was  directed  onto  the  PMT,  however,  the  output  was  a 
sawtoothed  shaped  signal  with  a  time  constant  of  166  ps,  far  too  large  for 
accurate  measurements  of  beam  intensity  over  the  duration  of  our  experiments. 
An  inspection  of  the  PMT  configuration  revealed  that  the  output  of  the  PMT  was 
connected  directly  to  the  input  of  the  oscilloscope,  which  has  an  input  impedance 
of  1  M2 .  This  resulted  in  a  high  output  voltage  but  an  excessive  RC  time 
constant . 

The  problem  was  corrected  by  installing  a  load  resistor  across  the 
PMT  output;  the  voltage  across  the  resistor  provided  the  input  to  the 
oscilloscope.  With  a  load  resistance  of  10  kQ,  the  time  constant  of  the  strobe 
response  was  reduced  to  11  ps.  To  increase  the  PMT  supply  voltage  to  recommended 
values  without  driving  the  tube  to  saturation,  however,  it  was  necessary  to 
introduce  a  neutral  density  filter  into  the  path  of  the  incident  beam.  A  filter 
with  13  percent  transmittance  allowed  the  PMT  supply  voltage  to  be  raised  to  500 
Volts,  nearly  twice  the  recommended  minimum. 

Once  the  circuitry  was  improved,  the  linearity  of  the  PMT  with 
incident  intensity  was  measured  by  introducing  neutral  density  filters  with 
successively  lower  transmittances  into  the  optical  path.  The  results,  shown  in 
Figure  5  indicate  excellent  linearity  over  the  range  of  incident  intensities 
used  in  the  experiment. 
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Figure  5.  Linearity  of  the  PMT  Response  to  Incident  Intensity. 


6.  Data  Acquisition  and  Processing 


The  oscilloscope  used  to  digitize,  display,  and  record  the  output  signals 
from  the  PCS  transducer  and  PM  tube  was  a  Nicolet  model  2090-III  digital 
oscilloscope.  This  oscilloscope  can  sample  voltages  from  two  channels,  each  of 
which  car.  store  2048  data  points.  The  displayed  oscilloscope  traces  can  be 
stored  permanently  on  magnetic  diskettes  for  future  analysis. 

An  example  trace  is  displayed  in  Figure  6.  The  pressure  rises  from  the 
initial  driven-gas  pre-sure,  PI,  to  the  incident  shock  pressure,  P2,  and  then 
to  the  reflected  shock  pressure,  P5,  after  which  it  falls  off  with  the  arrival 
of  the  expansion  wave.  The  reflected  shock  arrival  is  seen  on  the 
laser-extinction  trace  as  a  Schlieren  spike,  which  owes  to  the  rapid  change  in 
density  experienced  by  the  test  gas.  The  maximum  test  time  is  determined  by  the 
time  between  reflected  shock  arrival  and  expansion  wave  arrival  at  the  transducer 
station,  with  experiment  time  varying  from  3-4  ms  at  low  temperatures  to  2-3  ms 
at  higher  temperatures.  Note  that  time  is  measured  from  the  arrival  of  the 
reflected  shock. 

The  fundamental  data  in  these  traces  are  the  ratios  I0/I(t),  obtained  by 
measuring  the  initial  intensity  IQ  (proportional  to  the  output  voltage  from  the 
PMT)  and  the  intensity  I ( t )  at  any  time,  t.  These  ratios  are  used  in  Equation 
(1)  to  determine  the  soot  yield.  The  ratios  are  arbitrarily,  but  conveniently, 
taken  at  0.25  ms  intervals  from  0  to  2  ms .  Other  parameters  obtained  from  the 
traces  are  the  inception  time,  Xg^,  and  the  soot  production  rate,  Rsoot,  defined 
as  the  slope  of  the  laser-extinction  trace  at  its  inflection  point,  as  shown  in 
Figure  7.  The  inflection  point  is  not  always  easy  to  determine  from  the 
extinction  trace,  especially  at  high  reaction  temperatures.  This  leads  to 
scatter  in  the  values  of  both  the  soot  production  rate  and  the  inception  time. 


B.  TEST  MIXTURE  PREPARATION 

The  test  gas  mixtures  are  prepared  manometr ically  in  stainless  steel  tanks 
having  volumes  of  37  liter.  Before  a  gas  mixture  is  prepared,  the  tank  in  which 
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Digital  Oscilloscope  Trace  of  the  Pressure  and  PMT  Output. 


Figure  7.  Graphical  Depiction  of  Soot  Formation  Rate  and  Induction  Time. 
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it  is  to  be  stored  is  heated  for  at  least  twelve  hours  at  a  temperature  near  480 
K  while  being  continuously  evacuated  by  the  mechanical  pump.  After  cooling  to 
room  temperature,  the  tank  is  pumped  down  to  less  than  1.0  x  10"5  torr  by  the 
diffusion  pump.  Gas  phase  components  are  injected  directly  into  the  mixture 
tanks  through  the  gas  handling  manifold.  Throughout  the  mixture  preparation, 
gas  pressures  are  measured  using  the  Datametrics  digital  manometer.  To  ensure 
that  there  is  no  condensation  of  any  vapor  phase  components,  che  total  mixture 
pressure  is  kept  to  less  than  one  half  of  the  liquid  vapor  pressure  of  the  fuel. 

For  liquid  phase  compounds,  the  vapor  above  the  purified  liquid  is  used. 
To  purify  the  liquid,  it  is  poured  into  a  steel  vessel  and  repeatedly  frozen 
and  thawed  under  vacuum.  The  frozen  solid  is  evacuated  to  a  pressure  of  <  1.0 
x  lO’11  torr  to  remove  moisture  and  any  dissolved  impurities. 

The  composition  of  each  test  mixture  used  in  the  experiments  of  this  study 
was  verified  by  analysis  with  a  Hewlett  Packard  model  9630  Gas  Chromatograph. 
The  concentration  of  benzene  was  measured  to  within  ±  0.02  percent.  The  amount 
of  iron  in  the  Fe(C0)5  mixtures  was  determined  by  atomic  absorption.  A  known 
volume  of  the  gaseous  mixture  was  bubbled  through  a  mixture  of  I^-KI  in  a  3 
percent  HC1  solution.  The  iron  was  absorbed  in  the  solution,  which  was  the 
analyzed  with  a  Varian  model  AA-1475  Atomic  Absorption  Spectrophotometer.  The 
iron  concentration  was  accurately  measured  to  within  ±  0.2  ppm  as  Fe(CO)c,. 

C.  SHOCK  TUBE  OPERATION 


The  diaphragms  are  installed  before  each  experiment  and  the  driver  and  driven 
sections  are  evacuated  with  the  mechanical  pump.  Once  the  pressure  in  the  driven 
section  is  low  enough,  the  section  is  further  evacuated  by  the  diffusion  pump 
to  a  pressure  of  1.0  x  10’5  torr.  The  laser  beam  aperture  is  opened,  and  the 
proper  gain  and  sweep  speed  on  the  oscilloscope  are  set. 

After  it  has  been  isolated  from  the  diffusion  pump,  the  driven  section  is 
filled  with  the  test  mixture  to  the  prescribed  pressure.  Subsequently,  the 
driver  section  and  spacer  are  isolated  from  the  mechanical  pump  and  filled  with 
helium.  When  the  dr iver /spacer  system  pressure  reaches  one  half  the  required 
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driver  pressure,  the  spacer  is  isolated  and  the  driver  is  filled  to  the 
appropriate  driver  pressure,  P4 ,  necessary  to  produce  the  chosen  experimental 
conditions  behind  the  reflected  shock  wave. 

To  initiate  the  shock,  the  valve  connecting  the  spacer  to  the  vacuum  system 
is  opened.  As  the  spacer  empties,  the  pressure  differential  across  the 
diaphragms  becomes  sufficiently  large  to  rupture  them,  and  the  expansion  of  the 
helium  gas  generates  a  normal  shock  wave  which  travels  down  the  experimental 
section  ana  reflects  off  the  end  wall,  producing  the  high  temperatures  and 
pressures  at  which  the  reactions  take  place. 

After  the  experiment,  the  product  gases  are  vented  into  the  laboratory 
exhaust  system,  and  the  timer  readings  and  oscilloscope  traces  are  recorded. 
After  the  tube  had  been  thoroughly  vented,  nitrogen  is  used  to  backfill  the 
system,  t.o  atmospheric  pressure,  and  the  tube  is  opened.  The  shock  tube  is  then 
cleaned  out  with  laboratory  wipes  fitted  over  a  pig,  the  diaphragms  are  replaced, 
and  the  entire  procedure  is  repeated  at  a  different  experimental  conditions. 

The  conditions  behind  the  incident  and  reflected  shock  waves  are  calculated 
by  measuring  the  velocity  of  the  incident  shock  wave  and  iteratively  solving  the 
conservation  equations  of  mass,  momentum,  and  energy,  along  with  the  equation 
of  state  across  a  shock  wave  (Reference  64).  The  laser-extinction  traces  are 
transferred  from  the  oscilloscope  to  an  Apple  II  microcomputer  via  a 
GPIB/IEEE-488  interface,  where  it  they  are  reduced  using  PASCAL  language 
programs,  which  generate  incident  and  reflected  conditions,  as  well  as  soot 
yields.  The  soot  yield  data  are  then  transferred  to  an  IBM  370-3081  computer 
for  plotting  (Reference  65). 


SECTION  IV 


PRESENTATION  AND  DISCUSSION  OF  EXPERIMENTAL  RESULTS 


A.  OVERVIEW 


Th<  object  ive  of  5. he  experimental  measurements  was  to  determine  if  iron  has 
an  effect,  on  soot  formation  chemistry  during  the  pyrolysis  and  oxidation  of 
benzene  over  a  range  of  reaction  temperatures  and  pressures.  A  series  of  base- 
case  measurements  was  obtained  for  the  pyrolysis  and  oxidation  of  benzene-argon 
mixtures.  Any  effect  induced  by  the  addition  of  iron  to  the  gas  mixture  could 
then  be  identified  by  deviations  from  the  base-case  measurements. 

In  addition,  a  series  of  measurements  was  made  to  determine  the  effect  of 
variations  in  benzene  concentration.  All  test  mixtures  used  in  this  study  were 
prepared  manometr ically  and  concentrations  verified  by  gas  chromatographic 
analysis.  The  GC  analyses  showed  that,  despite  care  in  the  preparation  of  test 
mixtures,  benzene  concentration  could  be  replicated  only  to  within  about  10 
percent.  Thus  any  deviation  of  the  measurements  with  additives  from  the  base- 
case  measurements  must  be  interpreted  with  respect  to  any  deviations  caused  by 
changes  in  benzene  concentration. 

The  test  mixtures  used  in  this  study,  together  with  the  relevant  experimental 
conditions,  are  summarized  in  Table  1.  Complete  tables  of  experimental 
conditions  and  results  for  each  mixture  are  provided  in  Appendix  A.  A  map 
showing  how  the  test  conditions  for  individual  experimental  series  were  varied 
according  to  benzene  and  additive  concentrations,  pyrolysis  and  oxidation,  and 
pressure  is  given  in  Figure  7.  The  range  of  initial  carbon  atom  concentrations 
at  the  reaction  pressures  was  from  1.07  x  10~i7  atoms/cm3  to  4.22  x  10_1/ 
atoms/cm3.  Within  each  individual  series,  however,  the  initial  carbon  atom 
concentration  was  heid  to  within  ±  3  percent.  Note  that  for  measurements  at  the 
elevated  pressure,  we  attempted  to  maintain  the  initial  fuel  and  additive 
concent.rat ion  (at  the  reaction  pressure)  approximately  equal  to  the  corresponding 
concentration  used  for  measurements  at  the  lower  reaction  pressure. 
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TABLE  1.  SUMMARY  OF  EXPERIMENTAL  SERIES 


Series 

C6H6 

( volume 

Additive 

%) 

T5 

(K) 

P5 

( atm) 

[CJxlO*17 
( atom/cm3 ) 

Base  Pressure  -- 

Pyrolysis 

D 

0.208 

0 

1685 

-  2231 

2.10 

-  2.70 

1.07 

- 

1.25 

Q 

0.270 

0 

1602 

-  2213 

2.13 

-  2.85 

1.52 

- 

1.58 

c 

0.293 

0 

1566 

-  2231 

1.88 

-2.68 

1.53 

- 

1.62 

K 

0.373 

0 

1612 

-  2249 

2.09 

-  2.8u 

°  .04 

- 

2.13 

G 

0.278 

3 . 0  ppm  CO 

1517 

-  2127 

1.82 

-  3.02 

1.47 

- 

1.61 

F 

0.380 

3 . 5  ppm  CO 

1585 

-  2257 

2.03 

-2.86 

1.50 

- 

1.57 

P 

0.361 

63.8  ppm  CO 

1624 

-  2203 

2.16 

-  2.92 

2.5 

- 

3.00 

H 

0.275 

0. 56  ppm  Fe(CO)5 

1539 

-  2312 

1.91 

-2.30 

2.11 

- 

2.19 

J 

0.382 

13.5  ppm  Fe ( CO ) ^ 

1642 

-  2286 

2.03 

-  2.93 

2.13 

- 

2.19 

CC 

0.293 

3 . 0  ppm  02 

1626 

-  2240 

2.00 

-  2.67 

1.51 

- 

1.59 

Elevated  Pressure  - 

-  Pyrolysis 

M 

0.114 

0 

1576 

-  2189 

4.90 

-  6.82 

1.49 

- 

1.56 

L 

0.373 

0 

1670 

-  2259 

4.22 

-5.64 

4.05 

- 

4.22 

0 

0.114 

0.755  ppm  CO 

1582 

-  2155 

4.82 

-  6.47 

1.51 

- 

1.53 

N 

0.123 

0.151  ppm  Fe ( CO ) 5 

1650 

-  2246 

4.78 

-  6.39 

1.52 

- 

1.57 

Base  Pressure  --  Oxidation  (0.28  % 

OXYQ 

en ) 

V 

0.273 

0 

1549 

-  2192 

2.02 

-2.80 

1.53 

- 

1.58 

S 

0.286 

3  ppm  CO 

1600 

-  2214 

1.98 

-  2.67 

1.51 

- 

1.56 

Y 

0.295 

62 . 5  ppm  CO 

1631 

-  2193 

2.10 

-2.79 

1.56 

- 

1.66 

T 

0.289 

0 . 5  ppm  I e ( CO ) ^ 

1561 

-  2202 

1.98 

-  2.78 

1.53 

- 

1.58 

X 

0.259 

11.5  ppm  Fe ( CO ) 5 

1585 

-  2175 

2.18 

-2.90 

1.53 

- 

1.57 

Elevated  Pressure  -- 

Oxidation  (0.12%  Oxyqen) 

Z 

0.111 

0 

1602 

-  2152 

4.98 

-  6.76 

1.52 

- 

1.58 

BB 

0.119 

1 . 60  ppm  CO 

1626 

-  2136 

4.89 

-  6.21 

1.52 

- 

1.58 

A A 

0.123 

0.318  ppm  Fe  ( CO )  tj 

1644 

-  2139 

4.81 

-  6.13 

1.54 

- 

1 . 58 
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PRESSURE  =  2-3  atm 


MOLE  %  BENZENE 
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In  the  material  that  follows,  we  begin  with  the  results  for  pyrolysis  of  the 
base  benzene-argon  mixtures,  first  at  reaction  pressures  of  2-3  atmospheres  and 
then  at  reaction  pressures  of  5-7  atmospheres.  The  effects  of  additives  are  then 
shown  by  comparing  the  experimental  results  obtained  when  iron  pentacarbonyl  (and 
as  a  control,  carbon  monoxide)  was  added  to  the  corresponding  results  for  the 
base  mixtures.  The  large,  unexpected  increase  in  soot  yield  with  the  addition 
of  small  amounts  of  carbon  monoxide  is  a  striking  feature  of  these  data.  A 
similar  presentation  of  the  results  for  oxidation  then  follows. 

B.  PYROLYSIS  MEASUREMENTS 

The  series  C,  Q,  D,  and  K  were  used  to  establish  baseline  cases  for  soot 
production  during  benzene  pyrolysis.  To  study  the  effect  of  iron  on  soot 
production,  iron  pentacarbonyl  was  added  in  quantities  to  obtain  0.05  weight 
percent  Fe  and  0.89  weight  percent  Fe .  Experiments  were  also  performed  with 
mixtures  containing  carbon  monoxide  at  five  times  the  molar  concentration  of 
Fe(C0)b.  Since  the  Fe(C0)5  molecules  dissociate  into  one  Fe  and  five  CO 
molecules  before  soot  formation  begins,  the  comparison  of  the  data  from  these 
two  mixtures  (Fe(C0)b  vs.  CC)  revealed  the  effect  of  elemental  iron  during 
benzene  pyrolysis. 

The  map  given  in  Figure  7  shows  that,  for  the  low  pressure  (2-3  atmosphere) 
measurements,  there  were  two  main  groups  of  benzene  concentrations  studied.  The 
concentrations  of  these  groups  were  centered  about  0.28  percent  and  0.38  percent. 
At  the  reaction  conditions,  these  concentrations  resulted  in  an  initial  carbon 
atom  concentrations  centered  about  1.5  x  10  17  atoms/cm3  and  2.1  x  10  17  atoms/cm3, 
respectively.  Iron  pentacarbonyl,  at  0.05  weight  percent  Fe  (0.557  ppm  Fe(C0)b), 
and  carbon  monoxide,  at  3.0  ppm,  were  added  to  the  mixtures  in  the  lower 
concentration  group.  For  the  group  at  higher  fuel  concentrations,  iron 
pentacarbonyl,  at  0.89  weight  percent  of  fuel  Fe  (13.50  ppm  Fe(C0)5),  and  CO,  at 
3.5  ppm  and  63.8  ppm,  were  added. 

For  the  elevated  pressure  (5-7  atmosphere)  measurements,  a  single  benzene 
concentration  group  centered  about  0.14  percent  was  studied.  At  the  reaction 
conditions,  this  concentration  resulted  in  initial  carbon  atom  concentrations 
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centered  about  1.5  x  10'17  atoms/cm3,  and  provided  a  basis  for  evaluating  the 
effect  of  pressure.  Iron  pentacarbony 1  and  carbon  monoxide  were  added,  also  at 
proportionately  reduced  concentrations,  to  maintain  essentially  the  same  mole 
ratio  with  benzene  as  was  used  the  series  at  reduced  pressures. 

1.  Effect  of  Benzene  Concentration 

Soot  yields  obtained  for  the  four  base-case  benzene  mixtures  studied  are 
plotted  versus  reaction  temperature,  at  four  reaction  times,  in  Figures  8.  To 
avoid  excessive  clutter,  only  the  results  for  reaction  times  of  0.5,  1.0,  1.5, 
and  2.0  ms  are  shown.  The  symbols  represent  actual  data,  while  the  solid  lines, 
which  are  least-squares  fits  to  a  Maxwell  distribution,  are  added  merely  to  guide 
the  eye.  The  Maxwell  distribution  is  a  convenient  fitting  function  because  of 
its  shape  properties,  but  no  representation  of  any  kinetic  model  is  implied. 

The  shape  of  the  curves  is  bell-like,  with  the  maximum  soot  yield 
occurring  at  1800-1900  K.  These  soot  yield  "bells"  are  similar  to  those  reported 
by  Clary  (Reference  15)  and  Frenklach  (Reference  17),  and  the  Series  C 
measurements  match  the  data  obtained  by  Clary  for  a  similar  concentration  of 
benzene  in  argon.  The  curves  exhibit,  as  reaction  time  increases,  a  similar 
shift  of  the  temperature  at  which  the  soot  yield  is  a  maximum.  Note  that  the 
shift  in  temperature  asymptotically  approaches  a  limiting  value  of  about  1900 
K  for  long  reaction  times. 

The  soot  yield  dependence  cn  time,  temperature,  and  concentration  follows 
the  general  trends  predicted  by  Frenklach' s  conceptual  model  mentioned  in  Section 
II  (see  page  9).  Ir.  this  model,  the  first  reaction  (Rl)  represents  ring 
fragmentation,  such  as  benzene  forming  acetylene,  and  the  second  reaction  (R2) 
represents  polymeric  additions  of  intact  aromatic  rings.  At  low  temperatures 
the  addition  of  aromatic  rings  is  the  main  pathway  to  soot  formation.  As  the 
temperature  increases,  so  does  the  conversion  to  soot  via  these  polymeric 
additions.  As  the  temperature  is  further  increased,  the  fragmentation  reaction 
begins  to  dominate,  reducing  the  number  of  intact  aromatic  rings,  and  therefore 
slowing  the  polymerization  reaction.  At  high  temperatures,  the  fragmentation 
reaction  becomes  predominant,  and  the  final  soot  yield  is  low  because  the  amount 
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of  aromatic  fuel  available  for  polymer ization  is  rapidly  consumed.  Soot 
format  ion  from,  benzene  fragments  may  still  take  place,  but  the  reaction  is  much 
slower . 

Note  that  the  curves  are  steeper  on  Liie  low  temperature  side,  but  tend 
to  "tail  off"  at  higher  temperatures.  This  characteristic  is  a  reflection  of 
the  temperature  dependence  of  the  laser-extinction  traces.  At  lower 
temperatures,  there  is  a  relatively  long  induction  period  before  soot  particles 
began  to  appear.  After  this  initial  delay,  however,  the  steepness  of  the 
laser-extinction  trace  indicates  that  the  rate  of  soot  formation  is  sufficiently 
high  to  form,  considerable  amounts  of  soot  before  the  experiment  was  over.  At 
higher  temperatures  the  induction  time  is  much  shorter,  i.e.,  soot  is  formed  much 
sooner.  The  laser-extinction  trace  is  very  steep  at  the  shock  wave  arrival,  but 
flattens  out  quickly. 

The  data  for  Series  C  (0.293  percent  benzene,  shown  at  the  lower  left 
in  Figure  S)  matched  the  data  obtained  by  Clary  (Reference  15)  for  a 
concentration  of  0.311  percent  benzene;  the  slight  difference  in  concentration 
seemed  to  have  little  effect  on  the  soot  yield.  The  effect  of  increasing  the 
benzene  concentration  from,  0.203  percent  (Series  D,  upper  left)  to  0.293  percent 
was  negligible;  the  soot  yield  bells  for  these  two  mixtures  were  quite  similar. 
As  is  seer:  in  the  lower  right  of  Figure  8,  the  base-case  mixture  with  0.373 
percent,  benzene  (Series  K)  resulted  in  higher  soot  yields.  At  2.0  ms,  the 
maximum  soot  yield  for  this  mixture  was  34  percent,  compared  to  24  percent  for 
series  C  and  D.  Series  Q  (upper  right  in  Figure  8)  is  discussed  below. 

Soot  yields  for  the  base-case  mixtures  at  a  reaction  time  of  1  ms  are 
compared  in  Figure  9.  Note  that  Series  D  and  C  (0.208  and  0.293  percent  benzene) 
are,  within  the  scatter  of  the  data,  identical.  The  soot  yields  for  series  K 
(0.373  percent  benzene)  are  approximately  50  percent  greater.  The  soot  yields 
for  Series  Q  (0.270  percent,  benzene)  follow  those  for  Series  D  and  C  in  the  low 
and  high  temperature  regions,  but  the  fitted  curve  is  narrower  and  higher  in  the 
central  region  between  1850  K  and  2050  K.  This  behavior  must  be  viewed  with 
caution,  however,  since  only  three  data  points  define  the  shape  of  the  curve  in 
the  central  region.  Note  also  In  Figure  8  that  for  longer  reaction  times,  the 
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soot  yields  for  Series  Q  follows  more  closely  those  for  Series  D  and  C  than  those 
for  Series  K. 

The  induction  times  and  rates  for  these  four  series  are  shown  in  Figure 
10.  In  this  figure,  as  is  the  case  for  all  induction  time  and  rate  data 
presented  in  this  paper,  the  straight  lines  through  the  data  points  are  least- 
square  regressions  of  the  natural  logarithm,  of  induction  time  (or  rate)  on 
absolute  temperature  (or  inverse  temperature).  The  induction  time  is  seen  to 
decrease  as  the  reaction  temperature  is  increased.  There  is,  however,  no 
apparent  systematic  variation  of  induction  time  with  benzene  concentration  for 
the  four  base-case  series.  An  analysis  of  variance  revealed  no  statistically 
significant  difference  in  either  the  slope  or  the  magnitude  of  the  regression 
lines  at  the  90  percent  confidence  level. 

The  trends  of  the  regression  lines  for  the  soot  formation  rate  are 
ccr.sis'en:  with  an  Arrhenius  rate  expression  of  the  form 

=  A  !c6H6la  exp(-Ea/RT)  (2) 

where  A  is  the  Arrhenius  premultiplier,  [C6H6]  is  the  benzene  concentration,  a 
is  the  reaction  order,  Ea  is  the  activation  energy,  R  is  the  gas  constant,  and 
T  is  the  absolute  temperature.  The  rate  of  soot  formation  is  proportional  to 
the  s lope  of  the  laser-extinction  trace  at  the  inflection  point.  The  slope  was 
determ, Ined  graphically,  and  it  was  often  difficult  to  determine  with  precision 
the  location  of  the  inflection  point,  especially  at  high  reaction  temperatures. 
Since  a  small  error  in  locating  the  inflection  point  can  lead  to  a  relatively 
large  error  in  the  slope,  the  measured  rates  of  soot  formation  show  considerable 
scatter.  Nevertheless,  the  measured  rates  exhibit  the  expected  Arrhenius 
behavior,  i.e.,  the  rate  increases  with  both  concentration  and  temperature. 
Although  the  slopes  of  the  regression  lines  are  not  significantly  different, 
indicating  no  statistically  significant  difference  in  the  activation  energies, 
the  increase  in  rate  with  concentration  is  significant  at  the  90  percent 
confidence  level . 
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2.  Effect  of  Reaction  Pressure  on  Benzene  Pyrolysis 


To  test  the  effect  of  pressure  on  benzene  pyrolysis,  a  mixture  of  0.144 
mole  percent  benzene  was  shocked  at  5-7  atmosphere  pressures  (Series  M).  At  the 
elevated  reaction  pressure,  the  initial  carbon  atom  concentration  ranged  from 
(1.52  -  1.62)  x  10  atoms/cm  ,  closely  matching  the  concentration  range  for 
Series  Q.  The  soot  yield  curves  for  Series  M  and  Q  are  shown  in  Figure  11;  the 
1-ms  curves  are  compared  in  Figure  11.  As  can  be  seen,  the  magnitudes  of  the 
soot  yields  for  the  two  series  are  scarcely  different.  The  slight  decrease  in 
soot  yield  with  increasing  pressure  is  believed  to  be  the  result  of  scatter  in 
the  data  and  not  to  be  a  significant  effect.  Recall  also  that  series  Q  exhibited 
a  larger  soot  yield  at  a  1-ms  reaction  time  than  series  C  and  Series  D  which  had 
higher  and  lower  benzene  concentrations,  respectively.  One  can  note,  however, 
that  the  maximum  soot  yield  shifts  to  a  lower  temperature  by  about  50  degrees. 
This  same  temperature  shift  was  characteristic  of  all  of  the  elevated  pressure 
measurements  carried  out  in  this  study. 

The  induction  times  and  rates  for  Series  M  and  Q  are  shown  in  Figure  12. 
As  shown  in  the  figure,  the  rates  at  high  reaction  temperatures  were  excluded 
from  the  regression  analysis  because  of  the  high  uncertainty  in  the  measured 
values.  Within  experimental  error,  the  induction  times  and  rates  obtained  for 
Series  M  and  Q  are  identical.  The  small  difference  in  the  rate  curves,  although 
not  statistically  significant,  supports  the  observed  shift  of  the  soot  yield  bell 
at  the  elevated  pressure  to  temperatures  about  50  K  lower  that  the  bell  at  the 
lower  pressure. 

Over  the  2-7  atmosphere  reaction-pressure  range  used  in  this  study, 
there  is  little  evidence  of  any  significant  effect  of  pressure  on  soot  yield 
during  benzene  pyrolysis,  when  the  initial  carbon  atom  concentration  is  held 
constant.  Although  there  is  no  apparent  difference  in  the  magnitude  of  the  soot 
yield  as  reaction  pressure  is  increased,  the  temperature  at  which  the  maximum 
soot  yield  occurs  appears  to  decrease  by  about  50  K  as  the  reaction  pressure  is 
increased  from  2-3  atmospheres  to  5-7  atmospheres. 
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3.  Effect  of  Additives  at  2-3  Atmosphere  Reaction  Pressure 

The  additive  of  interest  in  this  study  is  iron.  As  discussed  above, 
iron  was  added  to  the  test  mixtures  in  the  form  of  iron  pentacarbonyl ,  Fe(CO):j. 
To  ensure  that  the  CO  ligands  released  from  the  iron  pentacarbonyl  had  no  effect 
on  soot  formation,  it  was  necessary  to  study  separately  a  series  in  which  CO  was 
the  sole  additive.  Since  the  desired  iron  concentration  in  a  nominal  0.3  mole 
percent  benzene  mixture  was  0.557  ppm,  and  since  each  mole  of  iron  pentacarbonyl 
releases  five  moles  of  carbon  dioxide,  a  mixture  of  3  ppm  carbon  monoxide  and 
3000  ppm  (0.3  mole  percent)  benzene  was  an  appropriate  control  mixture.  The  soot 
yield  curves  for  a  base-case  mixture  of  0.293  percent  benzene  (Series  C),  a 
mixture  of  3  ppm  carbon  monoxide  and  0.278  percent  benzene  (Series  G),  a  mixture 
of  0.557  ppm  iron  pentacarbonyl  and  0.275  percent  benzene  (Series  H),  and  a 
mixture  of  3  ppm  oxygen  and  0.293  percent  benzene  (Series  CC)  are  shown  in  Figure 
13.  The  motivation  for  including  the  last  of  these  series,  with  3  ppm  oxygen, 
is  discussed  below. 

Much  to  our  surprise,  the  addition  of  a  small  amount  of  carbon  monoxide 
to  the  benzene  mixture  (in  the  proportion  1  to  1000)  substantially  increased  the 
soot  yield.  As  seen  in  Figure  13,  the  maximum  soot  yield  (at  2.0  ms)  was 
essentially  doubled,  increasing  from  24  percent  with  the  base-case  mixture  to 
44  percent,  with  the  addition  of  CO.  The  general  shape  of  the  soot-yield  bells, 
however,  was  unaffected. 

The  addition  of  0.56  ppm  Fe(C0)5  to  a  0.275  percent  benzene  mixture 
raised  the  level  of  soot  production,  again  without  affecting  the  shape  of  the 
soot  yield  bells.  The  increase  when  compared  to  the  base  case  was  from  24 
percent  to  42  percent.  It  is  reasonable  to  conclude  that  the  increase  of  soot 
yield  with  the  addition  of  iron  pentacarbonyl  owes  to  the  CO  ligands  rather  than 
the  iron.  Indeed,  the  presence  of  iron  appears  to  decrease  slightly  the 
enhancement  effect  of  the  carbon  monoxide. 

To  check  for  possible  artifacts  resulting  from  shock  heating  carbon 
monoxide  or  iron  pentacarbonyl  themselves,  a  separate  series  of  measurements  were 
made,  first  with  a  mixture  of  3.0  ppm  carbon  monoxide  in  argon  and  then  with  a 
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mixture  of  0.56  ppm  iron  pentacarbonyl  in  argon.  Over  the  same  temperature  range 
used  for  the  additive-benzene  mixtures,  no  attenuation  of  the  laser  beam  cc uid 
be  detected,  i.e.  the  carbon  monoxide  and  iron  pentacarbonyl  additives  themselves 
were  not  contributing  to  the  measured  soot  yield.  Thus  the  observed  enhancement 
of  soot  yield  with  these  additives  must  owe  to  a  modification  of  the  complex 
chemical  pathways  for  the  production  of  soot  from  benzene. 

At  the  suggestion  of  Dr.  Michael  Frenklach,  oxygen  was  added  in  place 
of  the  carbon  monoxide.  As  can  be  seen  in  Figure  13  (lower  right),  the  addition 
of  a  small  amount  of  oxygen  did  increase  soot  yield,  but  not  nearly  to  the  extent 
observed  with  the  addition  of  carbon  monoxide.  The  increase  in  soot  yield  is 
only  about  a  third  of  that  observed  with  the  addition  of  carbon  monoxide. 

To  aid  in  the  comparison  of  the  four  series  shown  in  Figure  13,  the  soot- 
yield  curves  at  1-ms  reaction  time  are  superimposed  in  Figure  14,  and  the 
induction  times  and  rates  are  shown  in  Figure  15. 

Note  mat  the  addition  of  3.0  ppm  of  carbon  monoxide  (Series  G)  greatly 
increased  the  level  of  soot  formation  from  the  base  case  (Series  C),  raising  it 
nearly  three  fold  (from,  a  maximum  of  11.3  percent  to  27.5  percent),  but  without 
changing  the  general  shape  of  the  curve.  The  iron  pentacarbonyl  mixture  (Series 
H)  resulted  in  a  higher  level  of  soot  than  the  base  case,  but  a  lower  soot  yield 
than  the  caroo.n  monoxide  mixture. 

The  induction  times  for  the  benzene-additive  mixtures  are  compared  to 
those  of  the  base-case  mixture  in  Figure  15.  The  benzene-additive  mixture  data 
varied  little  from,  the  base-case.  Ar.  analysis  of  variance  showed  that  there  was 
no  significant  difference  in  the  fitted  lines  at  the  0.05  probability  level. 

The  effect  of  additives  on  the  rate  of  soot  formation  is  also  shown  in 
Figure  15.  The  fitted  lines  to  the  rate  data  show  an  increase  in  rate  with  the 
ad Jit  ion  of  both  iron  pentacarbonyl  and  carbon  monoxide.  The  addition  of  carbon 
monoxide  increased  the  rate  by  approximately  40  percent,  and  the  addition  of  iron 
pentacarbonyl  increased  the  rate  by  approximately  26  percent.  Note,  however, 
that  the  addition  of  either  carbon  monoxide  or  iron  pentacarbonyl  did  not  effect 
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the  slope  of  the  regression  line.  Thus  the  effect  of  the  additives  is  to  alter 
the  Arrhenius  pre-exponential  multiplier  and  not  the  activation  energy.  The 
rates  found  for  the  benzene-oxygen  mixture  are  below  those  for  the  base-case 
mixture,  and  the  slope  of  the  regression  line  appears  to  be  greater,  i.e.  the 
activation  energy  is  increased.  Although  the  number  of  data  points  are  small 
and  the  scatter  is  large,  the  difference  in  the  slopes  of  the  rate  regression 
lines  for  the  base-case  and  oxygen  mixtures  are  significant  at  the  0.05  level 
of  probability.  There  is  not  an  difference,  however,  in  the  intercepts  of  the 
regression  lines. 

The  increase  in  soot  yield  with  the  addition  of  carbon  monoxide  and  iron 
pentacarbonyl  to  mixtures  of  0.275-0.293  mole  percent  benzene  in  argon  motivated 
a  series  of  measurements  for  mixtures  with  increased  levels  of  benzene,  carbon 
monoxide,  and  iron  pentacarbonyl  concentrations.  The  soot-yield  bells  for  these 
four  series  are  shown  in  Figure  16,  the  1-ms  curves  are  shown  in  Figure  17,  and 
the  induction  times  and  rates  are  compared  in  Figure  18.  Recall  that  the  base- 
case  mixture  of  0.373  percent  benzene  was  compared  to  the  benzene  mixtures  of 
C.208,  0.270,  and  0.293  percent  benzene  in  Figures  8-10. 

As  in  the  previous  case,  the  addition  of  3.5  ppm  carbon  monoxide  to  a 
mixture  of  0.373  percent  benzene  in  argon  increases  the  soot  yield.  The  increase 
is  not  as  dramatic,  however,  as  it  was  for  the  0.278  percent  benzene  mixture. 
A  twer.tyfcld  increase  in  the  amount  of  carbon  monoxide  added  further  increases 
the  soot  yield,  but  not  proportionately.  Finally,  the  addition  of  13.5  ppm  iron 
pentacarbonyl  to  a  0.382  percent  mixture  of  benzene  in  argon  resulted  in  soot 
yields  approximately  equal  to  the  base-case  mixture.  These  trends  can  be 
observed  by  comparing  the  soot-yieL'  ''ells  for  Series  K,  F,  P,  and  J  in  Figure 
16,  and  the  1-ms  curves  in  Figure  17.  Note  in  Figure  17  that  the  addition  of 
3.5  ppm  carbon  monoxide  (Series  F)  increased  the  maximum  soot  yield  by 
approximately  18  percent,  while  the  addition  of  63.8  ppm  carbon  monoxide 
increased  the  maximum  soot  yield  by  approximately  56  percent.  Thus  the  percent 
increase  in  soot  yield  was  about  three  fold  with  an  18-fold  increase  in  carbon 
monoxide  concentration. 


48 


S«1m  r 


0.380  J  C8H8.  3.5  ppm  CO 


S«r1«i  J  0.382  X  C8HI1  13.3  ppm  F»(C0)5 


SOOT  YIFLD  *  E(m)  (X) 


TEMPERATURE  /  (1000  K) 


Figure*  I  7 .  Comparison  of  Soot  Yields  at  1-ms  Reaction  Time  Showing  Effect  o 
Additives  at  Higher  Concentrations  of  Benzene. 


© 


TEMPERATURE  /  (1000  K) 


Figure  28.  Effect  of  Additives  on  Induction  Times  and  Rates  of  Soot  Formation 
at  H_.gt.-r  Concentration  Leveis  of  Benzene. 


52 


Note  also  in  Figure  17  that  the  1-ms  curve  for  Series  J  (13.5  ppm  iron 
pentacarbonyl )  is  essentially  identical  to  the  base-case  mixture  (Series  K)  . 
The  amount  of  carbon  monoxide  release  by  the  13.5  ppm  iron  pentacarbonyl  was 
equivalent  to  67.5  ppm,  or  nearly  the  same  amount  of  carbon  monoxide  used  in 
Series  P.  Thus  the  iron  pentacarbonyl  appears  to  reduce  the  enhancement  of  soot 
yield  by  carbon  monoxide.  Although  this  effect  was  also  seen  in  +he  mixtures 
with  lower  concentrations  of  benzene,  the  effect  is  much  more  dramatic  at  higher 
concentrations  of  iron  pentacarbonyl. 

The  induction  time  for  these  four  series  are  indistinguishable,  as  seen 
in  Figure  18.  The  rate  regressions  lines,  also  shown  in  Figure  18,  reflect  the 
behavior  observed  in  the  1-ms  curves  for  Series  J  and  K,  i.e.  the  rates  are 
identical.  In  contrast  the  rates  for  Series  F  and  P  (3.5  and  63.8  ppm  carbon 
monoxide  respectively)  appear  to  be  less  at  higher  temperatures  and  greater  or 
equal  at  lower  temperatures.  However,  because  of  the  scatter  in  the  data, 
neither  the  magnitude  nor  the  slope  of  any  of  the  four  regressions  lines  are 
significantly  different  at  the  0.05  probability  level. 

4.  Effect  of  Additives  at  5-7  Atmosphere  Reaction  Pressures 

The  effect  of  carbon  monoxide  and  iron  pentacarbonyl  additives  at 
reaction  pressures  from  5-7  atmospheres  is  indicated  by  the  soot-yield  bells  for 
Series  V ,  C,  and  N  shown  in  Figure  19.  Note  that  the  concentration  of  benzene 
and  additives  have  been  reduced  to  provide  approximately  the  same  initial  atom 
concentrations  (at  the  elevated  reaction  pressure)  as  prevailed  in  the 
measurements  at  2-3  atmospheres.  As  can  be  seen,  the  soot-yield  bells  at  all 
reaction  times  are  nearly  identical.  This  can  be  seer,  more  clearly  in  the 
super imposed  1-ms  curves  shown  in  Figure  20  and  the  induction  times  and  rates 
shown  in  Figure  21.  Although  the  rates  for  the  benzene  base  case  (Series  M) 
appear  to  increase  more  rapidly  with  temperature  that  the  rates  obtained  with 
additives,  the  differences  in  the  slopes  and  magnitudes  are  not  statistically 
significar,*  .  Note  also  that  the  rates  measured  at  the  highest  temperatures  have 
no  been  included  in  the  regression  analysis  because  of  the  high  degree  of 
uncertainty  in  measuring  the  slope  of  the  laser  attenuation  trace  obtained  at 
elevated  temperatures. 
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Figure  20.  Comparison  of  Soot  Yields  at  1 -ms  Reaction  Time  Showing  Effect  of 
Additives  at  Pyrolysis  Pressures  from  5-7  Atmospheres. 
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These  results  show  no  effect  of  either  carbon  monoxide  or  iron 
pentacarbonyl  on  soot  yield  during  benzene  pyrolysis  at  5-7  atmospheres.  Thus 
the  increase  in  soot  production  effected  by  carbon  monoxide  at  2-3  atmospheres 
is  suppressed  at  5-7  atmospheres.  Also,  the  absence  of  any  effect  with  the 
addition  of  iron  pentacarbonyl  supports  the  conjecture  that  iron  pentacarbonyl 
suppressed  the  effect  of  carbon  monoxide  at  2-3  atmosphere  reaction  pressures. 

C.  OXIDATION  MEASUREMENTS 

The  base-case  mixtures  for  the  oxidation  measurements  were  approximately 
equimolar  mixtures  of  benzene  and  oxygen  in  argon.  Preliminary  runs  with 
stoichiometric  addition  of  oxygen  (7.5  moles  oxygen  per  mole  of  benzene)  showed 
a  total  absence  of  soot  formation.  Thus  the  rich,  equimolar  mixtures  were  used 
as  the  base  case  in  order  to  provide  adequate  sooting,  but  at  a  lower  soot  yield 
than  for  the  pyrolysis  measurements.  As  with  the  pyrolysis  measurements 
discussed  above,  two  levels  of  reaction  pressures  were  used. 

For  the  lower,  2-3  atmosphere  reaction  pressures,  the  benzene  concentrations 
were  maintained  near  those  used  for  the  pyrolysis  measurements,  i.e.  0.27-0.29 
mole  percent.  The  oxygen  concentration  was  maintained  at  0.28  percent.  For  the 
higher,  5-7  atmosphere  reaction  pressures,  the  benzene  concentration  ranged  from 
0.11-0.12  percent,  and  the  oxygen  concentration  was  maintained  at  0.12  percent. 
The  initial  fuel  and  oxygen  atom  concentrations  were  thus  held  approximately 
constant  as  the  reaction  pressure  varied. 

Both  carbon  monoxide  and  iron  pentacarbonyl  were  used  as  additives.  At  the 
lower  reaction  pressures,  two  concentration  levels  were  used  for  the  additives; 
3.0  and  62.5  ppm  for  carbon  monoxide,  and  0.5  and  11.5  ppm  for  iron 
pentacarbonyl.  At  the  higher  reaction  pressures,  however,  only  one  concentration 
level  was  used  --  1.60  ppm  carbon  monoxide  and  0.318  ppm  iron  pentacarbonyl. 
These  levels  provided  initial  atom  concentrations  at  the  elevated  reaction 
pressures  equivalent  to  those  used  at  the  lower,  2-3  atmosphere  reaction 
pressures . 
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1.  Effect  of  Additives  at  2-3  Atmosphere  Reaction  Pressures 

The  effects  of  carbon  monoxide  and  iron  pentacarbonyl  as  additives  to 
equimolar  mixtures  of  benzene  and  oxygen  in  argon  are  illustrated  by  the  soot- 
yield  bells  in  Figure  22  and  the  superimposed  1-ms  curves  in  Figure  23.  The 
corresponding  curves  obtained  for  the  pyrolysis  of  a  mixture  of  0.270  percent 
benzene  in  argon  are  included  for  comparison.  The  induction  times  and  rates  for 
the  four  mixtures  are  shown  in  Figure  24. 

The  addition  of  oxygen  to  the  benzene  mixtures  reduces,  but  does  not 
eliminate,  the  soot  yield.  As  mentioned  above,  the  sociometric  amount  of  oxygen 
required  for  complete  combustion  of  the  benzene  is  7^  moles  oxygen  per  mole  of 
benzene,  so  an  equimolar  mixture  is  still  very  rich.  The  maximum  soot  yield  at 

1- ms  reaction  time  was  reduced  by  42  percent  with  the  addition  of  oxygen.  The 
shape  cf  the  soot-yield  bells,  however,  was  not  altered.  As  can  be  seen  in 
Figure  24,  the  addition  of  oxygen  increases  the  slope  of  the  rate  regression 
line,  indicating  an  increase  in  the  activation  energy.  The  induction  time, 
however,  appears  to  be  unaltered  by  addition  of  oxygen. 

The  results  shown  inn  Figures  22-24  show  that  neither  carbon  monoxide 
(at  3  ppr )  ncr  iron  pentacarbonyl  (at  0.5  ppm)  affect  soot  production  for 
equimolar  mixtures  of  benzene  and  oxygen  shock  heated  at  2-3  atmosphere 
pressures.  This  negative  result  motivated  another  series  of  measurements  with 
the  concentration  levels  of  the  additives  increased  by  about  20  times.  These 
results  are  sh  'wn  in  Figures  25-27.  As  can  be  seen,  the  soot  yields,  induction 
times,  and  rates  with  the  addition  of  62.5  ppm  carbon  monoxide  and  11.5  ppm  iron 
pentacarbonyl  are  indistinguishable  from  the  corresponding  results  obtained  with 
the  lower  concentration  levels  of  the  additives,  i.e.  no  effect  of  either  carbon 
monoxide  or  iron  pentacarbonyl  could  be  observed  for  oxidation  measurements  at 

2- 3  atmosphere  reaction  pressure. 

2.  Effect  of  Additives  at  5-7  Atmosphere  Reaction  Pressures 

The  final  series  of  measurements  were  carried  out  with  equimolar  benzene- 
oxygen  mixtures  at  reaction  pressures  from  5-7  atmospheres.  The  concentration 
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Figure  2S.  Effect  of  Increased  Additive  Concentrations  on  Soot  Yield  During 
Boru’.ene  Oxidation  at  2-3  Atmosphere  Pressures. 
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Figure  27.  Effect  of  Higher  Additive  Concentat ions  on  Induction  Times  and  Rates 
During  Benzene  Oxidation  at  2-3  Atmosphere  Pressures. 
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of  benzene,  oxygen,  carbon  monoxide,  and  iron  pentacarbonyl  were  reduced 
proportionally  such  that  the  initial  atom  concentrations  were  equivalent  to  those 
used  at  reaction  pressures  from  2-3  atmospheres. 

The  results  are  shown  in  Figures  28-30.  The  curves  obtained  for  benzene 
p y r  lysis  at  5-7  atmospheres  (Series  Q)  are  included  for  comparison.  As  was  the 
case  for  the  lower  reaction  pressures,  ^he  addition  of  an  equimolar  quantity  of 
oxygen,  reduces  soot  yield.  As  shown  in  Figure  29,  the  maximum  soot  yield  at  1- 
ms  reaction  time  is  reduced  by  about  30  percent.  The  effect  of  oxygen  on  the 
rate  of  soot  formation  at  5-7  atmospheres  is  the  same  as  at  2-3  atmospheres,  i.e. 
the  slope  of  the  rate  regression  line  is  increased  indicating  an  increase  in  the 
activation  energy. 


In  contrast,  to  the  oxidation  measurements  at  the  lower  pressures, 
however,  the  addition  of  carbon  monoxide  increases  soot  yield.  This  is  seen  most 
clearly  in  the  1-ms  curves  of  Figure  29.  With  the  addition  of  carbon  monoxide 
(Series  3:-/,  the  maximum,  soot  yield  at  1  ms  is  nearly  Identical  to  the  soot  yield 
found  during  pyrolysis  measurements  (Series  M) ,  i.e.,  the  addition  of  carbon 
monoxide  at  one  par.  per  751  parts  benzene  nearly  eliminates  the  soot  reduction 
effects  of  the  oxygen. 

Th*  aac.t.on  of  iron  pentacarbonyl ,  in  turn,  eliminates  the  soot 
enhenceme  nt  by  carbon  monoxide .  The  soot  yields  obtained  with  the  addition  of 
0.318  ppm  iron  pentacarbonyl  are,  within  the  scatter  of  the  data,  identical  with 
those  obtained  for  benzene  oxidation.  Thus  the  effect  of  iron  is  to  eliminate 
the  enhancement  of  soot  yield  by  carbon  monoxide.  This  effect  of  iron  was  seen 
in  -he  pyrolysis  measurements  at  2-3  atmospheres,  where  the  iron  was  shown  to 
reduce  the  enhancement  effect  of  carbon  monoxide,  especially  when  the 
concentration  cf  benzene  was  increase. 

As  shown  in  Figure  30,  the-  addition  of  carbon  monoxide  did  not  affect 
the  slope  of  the  rate  regression  line,  bu*  only  its  magnitude.  The  enhancement 
effect  by  carbon  monoxide  (ana  the  elimination  of  this  effect  by  iron 
pentacir:  ' y 1  )  is  nc*  through  a  change  in  the  activation  energy.  Note  also  that 
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Figure  ?9.  Comparison  of  Soot  Yields  at  1-ms  Reaction  Time  Showing  Effect  of 
Additives  During  Benzene  Oxidation  at  5-7  Atmosphere  Pressures. 
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Figure  30 


neither  oxygen ,  carbon  monoxide,  or  iron  pentacarbonyl  have  a  significant  effect 
of  t.  ho  i  nduot  ior.  t  ime  . 

D.  SUMMAt-V  OK  F.XI'F.K  (MENTAL  RESULTS 

Th*  effect  or,  carbon  monoxide  on  soot  formation  was  an  unexpected  phenomena 
that  par’  only  obscured  any  effect  of  iron.  The  effects  of  carbon  monoxide  are 
summarized  in  Figure  31.  The  addition  of  carbon  monoxide  (at  near-tract  amounts) 
nearly  doubled  soct  yield  during  benzene  pyrolysis  at  2-3  atmosphere  reaction 
pressures,  ind  increase  soot  yield  by  more  than  3b  percent  during  benzene 
oxidation  at  b-7  atmosphere  reaction  pressures.  In  terms  of  Arrhenius 
parameters,  this  increase  was  through  the  preexponential  multiplied  (frequency 
factor)  rather  than  the  activation  energy.  No  effect  of  carbon  monoxide  could 
be  observed,  however,  for  either  benzene  pyrolysis  at  5-7  atmospheres  or  benzene 
oxidat  ior.  at  2-3  atmospheres. 

The  of  foe*  of  iron,  through  the  addition  of  iron  pentacarbonyl  ,  was  to  reduce 
the-  enhancement  of  soot  yield  by  carbon  monoxide.  This  effect  was  strongest  for 
benzene  oxidation  at.  5-7  atmospheres,  where  the  enhancement  by  carbon  monoxide 
was  tot  a  i  1  y  o  i  irr.i  nated . 


Tr. >■;•••  obs<  rva*  ions  cannot  be  explained  by  any  existing  models  of  soot 
format  ior.  cnerr. i s ■  ry .  The  resuits  clearly  show,  however,  that  the  effects  of 
carbon  monoxide  (and  the  reduction  of  these  effects  by  iron  pentacarbonyl)  are 
chemical  in  nature.  This,  in  turn,  suggests  that  carbon  monoxide  and  iron 
pentacarbonyl  might  be  useful  chemical  probes  to  elucidate  better  the  complex 
chorr.  i  ca  I  pathways  to  soot  forma'  ion. 

Some  pilot  studies  on  the  morphology  of  the  soot  formed  in  these  experiments 
were  also  carried  out.  These  studies  suffered  from  the  difficulty  in  obtaining, 
in  a  single  shook  or  even  several  repeated  shocks,  sufficient  amounts  of  soot 
for  ana  1  y.  .  s ;  the  soot  samples  were-  collected  on  glass  plates  affixed  to  the 
driven  er.  :  of  t  hr  s.h-  >ok  t  ub<  .  Although  the  results,  of  these  studies  are  far  too 
tens  ..  to  discuss  in  det  a :  :  ,  t  fir  general  observations,  should  be  mentioned. 
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Figure  31.  Summary  of  Effects  of  Carbon  Monoxide  on  Soot  Yield  During  Benzene 
Pyrolysis  and  Oxidation. 
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Transmission  electron  micrographs  (100,000X)  showed  that  the  soot  was  highly 
agglomerated,  with  the  component  spherules  in  the  size  range  of  8  to  12  nm. 
There  appeared  to  be  some  tendency  of  the  spherule  size  to  diminish  at  higher 
reaction  temperatures,  but  the  addition  of  carbon  monoxide  or  iron  pentacarbony 1 
did  not  appear  to  affect  the  size. 

A  preliminary  analysis  of  the  soot  samples  also  showed  that  the  carbon  was 
primarily  graphitic  with  some  aliphatic  and  aromatic  bonds. 
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SECTION  V 


CONCLUSIONS 


1.  The  experimental  measurements  carried  out  in  this  study  showed  no  direct 
influence  of  iron  on  the  production  of  soot  during  either  benzene  pyrolysis 
or  benzene  oxidation;  i.e.,  our  results  show  that  iron  has  negligible 
ir.f]uence  on  soot  formation  chemistry. 

2.  The  use  of  iron  per.tacarbony  1  in  place  of  ferrocene  led  to  an  unexpected 
enhacement  of  soot  production  that  partially  obscurred  the  influence  of  iron. 
This  enhancement  occured  for  low-pressure  pyrolysis  and  high-pressure 
oxidation,  but  not  for  low-pressure  oxidation  or  high-pressure  pyrolysis. 

3.  At  the  concentrations  of  iron  pentacarbonyl  used  in  this  work,  no  nucleation 
of  iron  vapor  could  be  observec  when  iron  pentacarbonyl  alone  was  subjected 
to  shock  heating.  This  indicates  that  the  observed  enhancement  of  soot  yield 
by  iron  pentacarbonyl  owes  to  chemical  effects  rather  than  physical  effects, 
such  as  iron  nuclei  providing  condensation  sites  for  soot.  Tnis  conjecture 
is  strongly  supported  by  the  parallel  increase  in  soot  yield,  at  the  same 
experimental  conditions,  when  carbon  monoxide  alone  was  added  to  the  fuel 
mixtures.  In  terms  of  a  global  Arrhenius  rate  model,  the  enhancement  of  soot 
yield  by  carbon  monoxide  (at  its  mediation  by  iron  pentacarbonyl)  is  through 
the  pre-exponential  multiplier  rather  than  the  activation  energy.  Also,  the 
influence  of  carbon  monoxide  does  not  appear  to  increase  in  stoiciometric 
proport  ion . 


4.  An  indirect  influence  of  iron  was  evidenced  by  its  ability  to  reduce  the 
enhancement  of  soot  yield  by  carbon  monoxide.  For  low-pressure  pyrolysis, 
the  influence  of  iron  increased  as  the  fuel  concentration  increased.  For 
high-pressure  oxidation,  iron  completely  eliminated  the  enhancement  of  soot 
yield  by  carbon  monoxide.  This  result  suggests  that  the  beneficial  effects 
of  ferrocene  observed  for  some  gas  turbine  combustors  may  owe  to  the 
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secondary  influence  of  iron  on  stable  intermediates  or  radicals  generated 
along  the  complex  chemical  pathways  to  soot  formation. 

5.  No  influence  of  pressure  on  soot  production  was  observed  wher.  the 
concentration  of  carbon  atoms,  at  the  reaction  conditions,  was  held  constant. 
This  result  indicates  that  the  increase  in  sooting  tendency  with  an  increase 
in  pressure  observed  by  other  investigators  owes  to  fuel  concentration  rather 
than  reaction  pressure. 

6.  Current  detailed  modeling  studies  of  the  soot  formation  process  offer  no 
satisfactory  explanation  for  either  the  enhancement  of  soot  yield  by  near¬ 
trace  amounts  of  carbon  monoxide  or  the  action  by  iron  to  reduce  or  eliminate 
this  enhancement.  The  peculiar  dependence  of  these  phenomena  on  pressure 
and  oxygen  level  indicates  that  these  additives  may  serve  as  effective 
chemical  probes  to  help  unravel  the  complex,  high-temperature,  gas-phase 
reactions  that  comprise  the  combustion  process. 
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APPENDIX  A 


DETAILS  OF  EXPERIMENTAL  DATA 

This  appendix  contains  tables  listing  the  details  of  the  experimental  data. 

For  each  experimental  series,  the  following  parameters  are  tabulated: 

EXP.  NO.  :  this  number  identifies  the  experimental  series  and  the 

track  of  the  floppy  disk  on  which  the  pressure  and  laser 
attenuation  data  are  stored. 

T5  :  temperature  behind  the  reflected  shock  wave 

SOOT  YIELD  :  percentage  of  fuel  converted  to  soot  *  E(m) 

DELAY  :  induction  time  for  soot  formation 

RATE  :  rate  of  soot  formation 

Pt  :  pressure  behind  the  reflected  shock  wave 

Tj  :  room  temperature 

C5  :  molar  concentration  behind  the  reflected  shock  wave 

[ C ] r  :  concentration  of  carbon  atoms  behind  the  reflected  shock 

wave 
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TABLE  a-i  details  of  experimental  data 
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TABLE  A- 1  DETAILS  OF  EXPERIMENTAL  DATA  (Continued) 
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TABLE  A-l  DETAiLS  OF  EXPERIMENTAL  DATA  (Continued) 
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TABLE  A- 1  OXTAILS  OF  EXPERIMENTAL  DATA  (Cont  inurd) 
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5 

LU 

a 


o 

o 


o 

tr> 

o 


LO 

<v 

o 


co*-?mc>c?'COc 

c’s‘CO\ 


w  cmcmcmcm  cmcmcmcmcm 


^  lACDCr^u^^^r- 
I  lA  lA  O'  C  'A  -o  x  C  N 

£  •“NOOncC^-o 

A,  *“  *—  CM  *“  r- 


^  O  C  C  C  C 


:•  C  O  O 


vovovorj^coeco 
*-»~ccoococv«- 
cm  s  ^  cm  —  ^r 

CM  f- 


CM'C-3,CM«'nLACMCMr'0 
fA(\  —  ONt-OviOCv 

C  ?  N  X\PO  C  M)  ^ 


r-scvc^esLAxr  —  co 

C\JC^CO0»”*vr'^ 


o  cm  —  o^tcnj  omr- 


^  v£  o  1C  0,'  -  C  n  \- 
^C'A.CCCAi*-*- 


OOCCC^CrOf 


-rCiAncrcr 

<*1  ACOO'NCC'“ 

O  c  A  »—  (\  c  CC  00  — ■ 


cm  vc  O'  •»  -a  —  \c  -r 
Ajf'C.A^Cv'C'- 


■INvOrvc^C^M 

’-CO^'OOsOCMtA*- 


OO’-^rccc^fs'C0«-' 


lA  C  C  K  CMC  uaO  lA 

c\:  rv  M\<-rcc 


Oo  —  CMAr^vCCM  — 


0'K''COiAOC?'r 

<*'■>’-  cm  -r*  <a r  r.  cao 
C  C  w  c  \\  x  -r  -*  O 


soso’^O'-aO'-fVicr 

CC**CCiA.r’"N'iA 
<cxcx,'viN“ir*-K 
U’AsC'^CCC'CAC  —  r- 
r_^’~’“’~'-CoC0CM 


CM  CM  —  —  CM  fM  —  — 


crcccrrrr-c 

xxxxxxxxx 


^CM^^TiAvC^C0C> 
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TABLE  A- 1  DETAILS  OF  EXPERIMENTAL  DATA  (Continued) 


o 

u 


o 

il 


O  -D 
■O 
< 


o» 


a>  3 
*-* 
L  x 

Oj  — 

i rt  X 


5  e 


g  CC  \C  CC  nC  —  d>  nO 

O  'Cu'kTi  ^  C  C 


s 


>- 

3 


E  H 
**  Q. 

to  Qcr* 

CTi  CO  CXi 
CNJ  C\J  lO  UP 


VO  C  0»  C 

x  a»  >  o 

to  cr>  —  cn 


e~t  ~  r**  J>  u'N  X 

c  ^  o 

v* 

—  -3-  uN 

o 

i^rr  cr  - 

ja  .r  tf\ 

w 

CNCn^oc 

— »  — , , 

C_J 

O  3  O  CC  3 

X  CA  O 

— 

^  n  (\|  ^  r  ^ 

C  AO 

-*-» 

O  C  *—  ro  ro  .c 

C  A^N 

*o 

•  ♦  • 

v_^ 

<\J(\jC\)OgC\JC\ieg<\lC\j 

r**  CM  in  cm  r^»  c 

I  r*»  nO 

*— i 

i  •  . 

1 

NO  ro  CO  f'*'  J>  C 

1  NO  tf\ 

5  lA  C  C  \C 

m  o 

—  —  CM 

CM 

o  c  o  c  o  c 

l  c  o 

aj 

1  •  . 

%n 

oo  no  no  cv  o  s 

1  00  o 

3 

m  <0  ~  JT  ON  NO 

-3-  eg 

a**  in  in «— 

O 

CO  nC  *■"“  O  CNJ  f*"> 

—  o 

o 

CN-lPCTn'O’—nOCN.'OO 

C  —  '-irnooiA'- 


tr>  •/MA^fV.OvCC'U 
N.  ’-OC'-sO^'^C^CC 


OO^COJCvCiAO 


^£CC'wC^£NCv 


< 

•> 

X 


O  C  O  ro  *- cc  kTun  o 


OOOfV^^co^s 
O  — 


OC^-CNi.'NJO 


f^(V  -r- 

O*— '‘'■'C-''CC£for— 


oorgO'Ovr^zrc'O 


^CVjCVJCVj^rr^rcvjr- 

*-oj^oc^aco 


OOt->or^>cj-^ro 


VO  O  CA  O  C\j 

OOOOOnr  *^\CCC 


OOOw^irwono 


to  O  ^  i/"0  C  i3  w  po 


000-C\l  W0J(M  c 


%r\\G—  ^Csi^^cvjfu 


OO^C^C'C'- w 
'-'iccNCc^'OCr.r^ 
'CC^C'C'C  c  -  — 

CuCsjC\l(\J 


—  C\  —  —  —  f\j  (V  •- 


X  O  - 


CCCwCCCCC 

>>>>>>>>> 


x>  5  '-f'»r^~^^N'Cca' 
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TABLE  A- 1  DETAILS  OF  EXPERIMENTAL  DATA  (Continued) 


k 
•— 
*/■>  31 


iT\  kT»  vO  J*\  4O  w"\  -S\  iT\ 


s-rc>ccocc?' 

crcrc'"fs(\ 


^CC^CCCCCCD 
Mnn  r-  -  rorororn 


u  SCCC  C  C  rt  m;  ^ 
w  Cvi  CV  CV  CV  Cv  C*i  CV  CV 


CC  4T  ON  VC  <C  u"'  fO  c 

^  -L  C  X  C  (\- 


w  ~  kT\  its  ^T*  vO  vO  'C  vO 


O  CVJ  On  vO  ifN  iT»  CO  po 


5 


3 

UJ 

Q 


< 

J? 


H  M  * 

— «  CTv 

H  (\J  00 

«-•  -HOC0 

o  ooo> 


U  U  II  It 

VO  C  c 
X  OI  >  o 
vO  O’’*  C7> 
l_>  >,  ♦>  l- 

O  -O 

T» 


C'  —  C\JVC\CC\.' 

f-  CM  »- 


oooooooo 

ccoccrco 

^  —  VC  —  CC  \C 
vO  O'  po  ro 


O0'K>~0''0ccc\jLn 

O’^-'CfOCp'vO 


IDJ^CCMN.C-'C 

occc'^r-kA 


^  N  O  u“.  r  ro  C\J  *- 


r-CCv^r  —  ^-^o 

O^^-CCvOO'C'CNj 


OiT>^rpp>f-,;0’"p“ 


vc  •-  po  cv  vo  cc  re  vo 

VC'-N-  —  C\  —  cepn 


O^-  -  CV.C-' 


-C  *-  ro  iO  CC  vC  : 
P’^'Ow'CN' 


O*-C0*-«-O’— *- 


p^ino— •“O'-O’O 

ir> -c  o  cv  ov  r^-  cc  *- 


OCCCCCCO'-'- 


Ofp.rw^oOiA 

'CPOCCCOvCCCO 


OOCV*— 


(MOfOCP'CQDO 
V)  (\  VC  ro  Cvi  o  o  •" 


oocccv-r-*-  — 


^rcvoroc\jrvr*-r- 

^  c\j  vr\  l*>  ^  cv  \c  -c  •- 

w  O  CV  C*v  —  c 

vO'^fs-accvcvo»- 


—  C  —  —  — 

evorev 

cccrocco 

N^sNi^NiNi^Ni 


•-c\jpo^ra>so^cc 


100 


TABLE  A- 1  DETATLS  OF  EXPERIMENTAL  DATA  (Continued) 


2  e 

U 


£  CC  CC  CD  lA  >0  ;A 
o  *A  kA  *A  A  iA  LfN  j-\ 


M-  «ncc^no<- 

O  lA  iA  iA  -C  —  iA  ^ 
^  eo  m  r^>  co  m  n  po 

CM  lA  CM  f»  vn  O  m 

. . 

°  CM  CM  —  CM  —  CM 
CM  CM  CM  CM  CM  CM  CM 


O'  ’“'CO'-JOn 
£  CC  C  fO  C  CO  - 

*»  . 

w»  4T  uA  iA  iA  iA  iA  \C 


NO  f*-  lA  ^  vO  vO  lA 

li  1  fH  •••■••• 

» —  I  »—  O  eo  C\j  f\j 

■$  ^  ^COj^^CvO 

“  *“  —  —  *“  CM  *- 


^  ooocooc 

tz,  £  OJ'OOCCOWO 

o  a  fO  lA  *A  C\  iA  J’ 

^  vO  —  CM 


O  O'CN>'CCOf0 
O  VO  O  C->  CM  ro  A  CM 

^  »-  (>  iP  c  Cn 


lo  (\J  C  l*»  - 

OCC-CCCv 


vO  vO  -S’  iA  CO  CM 


IP  O  —  ro  C\J  on  m  sc  — 

E  vr>  ^TC'CM  C  nc  CA 


O  u'V  f*i  C  N  Csi 


^  —  lA  »-  CM  CC  <C 
-r*  c  o  ^  jt  cc  cm 

O  CM  CM  CM  H->  >o  m 


O  CM  CM  r-i  r~  ;/v  p- 

rOONCCvN\0 


O  C  O  —  CM  VO  CM 


X  Q-  *« 


rH  fC  ^  IT\  CM  VO  Ov  CO  eo 

\Z  .  •-  cm  .3  r*»  eo  ov  .=■ 

>-  o  . 

O  O  VO  CO  o  iA  CM 


o  o  o  cr» 

CT> 


vo  c  a>  c 

X  <L>  >  O 

VO  C7>  —  C7> 

O  >  w 

K  —  < 

O  -O 


\OCNWf-  -  o 
O  m  —  cc  CM  O  iA 


O  O  eo  iA  CO  vA  CM 


in  O'CCCMC^’-OsO 
<NJ  O  CM  CD  CC  CM  iA  J 


OCOCMCfOCj 


A-  iA  CM  r-*  so  CO  CO 

>—  a*:  ^^oCMiAcocO 

w 

VO^-CCCC^C  — 
^  —  CM  CM 


CM  —  —  CM1  CM  —  *- 

a.  .  ^  —  —  xnxr: 

.  O  CM  »—  •—  «-n  CM  J?- 

^  z  <<<<<<< 

<<<<<<< 


ZD  O  CM  Z?  lA  vO  ^ 
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TABLE  A- 1  DETAILS  OF  EXPERIMENTAL  DATA  (Continued) 


ec  C  wO.  ~  cm 

iTi  iJ’V  iT\  wTV  vTv 


C  C  C  C  C  JN 


CM  CM 

CM  CM  CM  CM  CM  CM  CM 


cv  .r  -d  cm 

or  »-  m  c  C'C  co 


W  -d  lTN  iT\  lTv  so  VO 


•-  JT  CC  —  C  vTv  <*n 


\C  C  ^  fV  C  ^  ^ 
r-  c  «■'>  —  co  cc  oo 
*-  *-  CM  <“■“>  •“  •“ 


>-  ooooooo 

•<-  <-*  . 

S  5(  ^cccoroo 

Q  j.  CO  ro  if\  *•  CM 

v—  cc  D-  rO  — 


o  ccrrsiT'^oo 
o  c  cc  o  <3  O 


—  la  --  o  c  -r  » 


tr*  cm  ^  cm  <■*■>  o 

r->  C  CC  •-  CM  iT\  ~ 


-(VC'CCC'* 


\*  O  C  O 

£  id  cf>  i,o  f  %  z 


occr'^or*- 


if  c>  c>  ^  ^  r  o 

00  PD  iTV  —  O'  CC  -O  CM 


o^r^cor - 


vr  —  cc  O'  so  .o  cm 

o  fD  C'C  c  c  ^ 


e 

«  ^  Q.H 

H  CL 

o>  •— « 

•-H  CNJ  0>  OO 
*— «  H  lO  00 


— »  if  wnocnCN 

.  CM  if\  O'-  ^  P"*  O  <-> 

*"  °  o  \r\  —  ^  p-* 


O  r-  C  CM  —  iTs  iTN  — 

^  C\j  C 


vD  c  qj  r 

X  o>  >  o 

o  >>  «^  *- 

X  —  < 

o  *o 

-o 


ID  -  c  r  o  £  - 

oj  *“  CM  *—  CC  O'  O'  4T 


©  c  *-  cm  .o  cm  — 


VO  Qv  CO  CC  J  CM  so 

w-  uTV  ^  .0  -0  O  fs'“  iTV 

w  CM^CCCvC^ 

vO^CCCC- 
—  cm  CM  CM 


CM  —  CM  —  CM  «- 


K  o  ro  -  (V  r> 

uj  z  c  d  d  x  x  x  x 

co  d  d  d  c  d  d 


?  O  — 


CM  CD  £?  \*\  vC  N* 
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TABLE  A- 1  DETAiLS  OF  EXPERIMENTAL  DATA  (Concluded) 


O 


